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CRESTMORE, PAST AND PRESENT* 


JosepH Murpocu, University of Califernia at Los 
Angeles, Los Angeles, California. 


When it came to be my turn, as retiring president of the Mineralogical 
Society of America, to deliver the customary parting address, it seemed 
quite natural to turn for my subject to Crestmore, since I have been in 
close touch with this remarkable mineral deposit for over thirty years. 
During this time, I have made repeated trips to this locality, which is 
a little west of Riverside, California, and only about sixty miles from 
my headquarters at U.C.L.A. These trips have been made alone or with 
successive classes of students from the University, and I feel that it has 
been, and still is, year in and year out, one of the most consistently 
profitable and rewarding sources of interesting mineralogical material 
anywhere in the world. Thinking back over these visits, I bring to mind 
one in particular which might well serve to ‘‘point a moral and adorn a 
tale.” It was several years ago, when I encountered a small group of 
visitors to the quarry, among whom was a youngster of boy scout age, 
who was prowling in impatient fashion over the fragments of talus while 
his elders were busily collecting specimens. He was making most scorn- 
ful remarks about ‘‘nothin’ but ole quarry rock,” just about the time 
that I was making an exciting find close by. To the boy, and to most of 
the general public I suppose, Crestmore iis “just a quarry,” since there is 
nothing particularly showy there apart from the beautifully blue calcite. 
But to a mineralogist, it is one of the seven wonders of the world, and a 
place worth all the “blood, sweat and tears” involved in what my stu- 
dents sometimes defined as “beating on boulders.”’ After all, when you 
break open a rock, the exposed surface is something that has never be- 
fore been seen by human eye, and occasionally that sight is highly re- 
warding. This is particularly so if the break happens to occur along a 
vein in which there is a cavity, for on the walls of this there may be a 
coating of beautifully developed crystals. The only trouble with a place 
like Crestmore is that with continuous excavation of rock, and only inter- 

* Address of the retiring President of the Mineralogical Society of America at the 41st 
innual meeting of the Society at Denver, Colorado, Nov. 1, 1960. 
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PABLE 1. NEW MINERALS FOUND AT CRESTMORE 


Wilkeite 1914 Merwinite 1921 Parawollastonite 1935 
Riversideite 1917 Foshagite 1925 Ellestadite 1937 
Plazolite 1920 rilleyite 1933 Nekoite 1955 


New, But as YeT UNNAMED 


Mineral Z 1953 Woodford’s group 1940-41 
10 A hydrate 1959 Minerals C, D, F, J, L, Mand Q 
Mg borate 1959 


mittent visits possible, many potential specimens go through the works 
and disappear. As Eakle commented, “‘the cement contains the calcined 
remains of many beautiful, rare, and perhaps new minerals.” The title I 
have selected, “‘Crestmore, Past and Present,” should perhaps have been 
extended by adding the word ‘future,’ because the locality seems as 
inexhaustible as the miraculous pitcher of Philemon and Baucis. I can 
vouch for the fact that in all my visits to Crestmore over this period of 
more than thirty years, I have practically never drawn a blank. I would 
take a class there, firmly resolved not to do any collecting, and then, in 
the course of showing a typical occurrence to a student, would encounter 
a specimen which was different, and warranted further examination in 
the laboratory. So much for the resolution! Of course, the cream has 
been skimmed, and most finds are of secondary interest, but not all, 
even now. The record of new minerals, for instance, with their dates of 
discovery as shown in Table 1, indicates that the end is not yet in sight, 
and there seems to be no reason to suppose that continued careful ob 
servation will not continue to preduce results. 


History 


The earliest activity at Crestmore was the quarrying of limestone for 
lime-burning. This began some undetermined time before 1907, from 
some pits at the site of the present Commercial quarry on the east side of 
Sky Blue Hill. The old bins and lime works were in existence up to about 
1940. They appear in a picture taken about 1928, shown in Fig. 2a. 

A panorama taken from the west in about 1906 is shown in Fig. 1a. 
Perhaps if one of you is an old car fan he can date this picture from the 
automobile. This shows the original land surface, with Sky Blue Hill at 
the left and Chino Hill to the right. Quarrying for cement rock .was 
started on the west side, mainly on Chino Hill, about 1907, and a plant 
was erected in 1909. At the same time, the Commercial quarry was being 
operated for road material as well as limestone, as was probably the high 
level North Star quarry on the northerly slope of Sky Blue Hill. This, as 
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well as the workings on the west side, is shown in Fig. 16 probably taken 
in 1915 or before. Figure 1c, taken in March, 1917 from a slightly dif- 
ferent angle, shows further progress in excavation. The record is some- 
what vague here, since one statement is made that the high level quarry 
was the North Star, and that the Lone Star was started about 1917 be- 
tween this and the Commercial quarry. It seems likely that this inter- 
mediate quarry is the one now called the Wet Weather quarry, and that 
the name Lone Star was applied to the North Star. 








Fic. 1. Early views of Crestmore. (a) About 1907; (b) 1915; (c) 1917. 


Two pictures taken from the air in 1928 show the general quarry pat- 
tern at that time. The first one (Fig. 2a), from the east, shows the old 
Commercial quarry face and in the foreground, the old lime kiln struc- 
tures. This also shows the increased extent of quarrying on Chino Hill 
and its extension to the north. The second picture, (Fig. 26) from the 
opposite direction, shows as well the high Lone Star quarry, the greatly 
deepened Wet Weather quarry, and a bit of the floor of the Commercial 
quarry. 

In 1927 a shaft was started for underground mining, and excavation 
ultimately resulted in caving in of the surface and development of a glory 
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hole between Chino and Sky Blue Hills. This is shown in a photograph 
taken in 1935 which shows the headframe of this shaft, and the begin- 
ning of a steep face on the west side of Sky Blue Hill (Fig. 3a). Mine and 
open pit were both worked until about 1930, but from that date to 1939 
the only production was from the mine. Late in 1940 some limestone 
was taken out on the east side, from the platform of the now abandoned 
Commercial quarry, and at this time the old lime kiln structures were 
removed. Then again, in 1946 and 1947 the Commercial quarry floor 
was cut into from the south, the excavation joining up with the 1940 
workings, and forming the 910 foot level from which very extensive col- 
lections have been made in recent years. Since this time, and up to the 
present, all production has been from the. underground workings, which 
now are down to a depth of some 550 feet below the surface. Figure 36 
shows the present Commercial quarry face and the 910 foot level. 





Fic. 2. Crestmore in 1928. (a) View from East, showing old Commercial quarry face, 
and old lime kiln structures. (b) View from West, showing the high Lone Star quarry and 
greatly deepened Wet Weather quarry 
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Fic. 3. (a) Crestmore in 1935; (b) 1956 (By permission, Geological Society of America). 


GEOLOGY 


The oldest rocks of the area are metasediments, in part crystalline, 
with some quartzite and other metamorphic types. These may be Mis- 
sissippian or Triassic im age—there-is no conclusive evidence, although 
comparisons have -been made with the Mississippian Furnace limestone, 
and with the Triassic Bedford Canyon formation. 

These rocks have been extensively invaded by quartz diorite which 
represents the northerly extension of the San Diego batholithic complex. 
Erosion has lowered the surface to the point where only patches of the 
metamorphics have been preserved, embedded in a matrix of the quartz 
diorite as roof. pendants or “‘curtains.’’ The Crestmore area represents 
one of these patches, which consists mainly of crystalline limestones or 
marbles, and a lesser amount of quartzite. The limestones are repre- 
sented by two roughly lenticular bodies which dip in an easterly direc- 
tion, as shown in Fig. 4. The upper, or Sky Blue limestone is about 500 
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feet in thickness, and is separated from the lower, slightly thinner Chino 
limestone, by an intrusive tongue of the quartz diorite. The Chino is in a 
somewhat irregular and wrinkled syncline, while the overlying Blue Sky 
has been somewhat bulged up by the intrusion of quartz monzonite 
porphyry which forms irregular or pipelike intrusions in the Blue Sky 
limestone or between it and the quartz diorite. At this time, or slightly 
later, there have also been intrusions of various pegmatites, mostly small. 

The limestones are quite similar, consisting of layers of predazzite 
alternating with pure limestone, and with some layers of magnesium- 
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Fic. 4. Lenticular bodies of crystalline limestone at’ Crestmore. Upper 


Sky Blue; Lower—Chino 


poor rock. The Sky Blue series included some very large masses of almost 
pure blue calcite, and both it and the Chino are quite coarsely crystalline, 
although not solid enough to be marble such as could be used in building. 

Contact effects of the quartz diorite are expressed by the presence of 
a relatively narrow, simple contact zone, presumably -by the develop- 
ment, in its hotter stages, of the abundant periclase originally present in 
the predazzite, and by coarsening of the crystalline texture of the lime- 
stones. 

Contact effects of the quartz monzonite porphyry are much more pro- 
nounced, and involve silication of thick zones in the limestone, perhaps 
development of the blue color in some of the calcite, and formation of a 
mixed or hybrid rock by absorption of limestone by the intrusive magma. 
The thick masses of contact rock show a.zonal distribution of minerals 
from the intrusive contact to the untouched limestone, and it is in this 
region that many of the unusual minerals appear. 


MINERALS 


A great deal has been written about Crestmore and its minerals, but 
this afternoon I propose to bring only the more important portions to 
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your attention. The initial papets were purely descriptive, and this term 
could probably be applied to most, but a few of the later ones have been 
more concerned with mineralogic history, origins and relationships. Be- 
fore considering these you may be interested in a few statistics: The total 
number of named and identified minerals to date is 137, with an addi- 
tional dozen or so which are-so far unidentified, many of which are 
probably new. Of the named minerals, nine are new, as shown in Table 
I. Six of these have not yet been found elsewhere, and two more, riverside- 
ite and nekoite in only one or two other localities. I have listed para- 
wollastonite as new, for it was on material from Crestmore that Peacock 
(1935) first recognized its monoclinic character, and suggested that the 
name wollastonite be used for the more common triclinic form. This puts 
Crestmore on a par with the two other great contact metamorphic as- 
semblages—Franklin, New Jersey, and Langban, Sweden, each with 
essentially the same number of recognized species. 

The attention of mineralogists was drawn to Crestmore as a contact 
metamorphic assemblage of considerable interest by A. S. Eakle (1914), 
at a meeting of the Geological Society of America. The abstract of this 
paper listed only a few of the minerals observed, including the rare min- 
eral xanthophyllite, but was followed by a later, more complete presenta- 
tion. In this year wilkeite, the first of the new minerals, was described by 
Eakle and Rogers (1914) and named in honor of the late R. M. Wilke, 
ardent mineral collector and dealer of Palo Alto. This was a good one 
to start off with, since it is a mineral of the apatite group with the un- 
precedented number of four acid radicals—phosphate, silicate, sulphate, 
carbonate. In this paper, they also.mention the mineral okenite, which 
they describe as appearing as an alteration product of wilkeite. 

A more complete paper by Eakle (1917) lists a total of 56 species, and 
describes two new minerals. These are crestmoreite and riversideite, 
both hydrous calcium silicates but with different percentages of water. 
Crestmoreite was described as an alteration product of wilkeite, taking 
the place of the earlier-named okenite. The mineral has since been shown 
to be tobermorite, always occurring with some residual ‘wilkeite. River- 
sideite, occurring principally as white fibers interstitial to idocrase- 
grains, and as veins in massive idocrase, is a doubtful but probably valid 
species. In this paper also, an occurrence of white needle-like grains was 
described as okenite, but this material has recently been shown by x-ray 
study to be nekoite, a new mineral. 

In the next two years another seven species appeared, among them 
the rare mineral periclase (Rogers 1918), whose presence had been postu- 
lated as the original of the brucite granules, but which had not been 
found before. It appears as very occasional cores inside nests of brucite in 
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the predazzite rock, confirming the earlier diagnosis. Here also plazolite, 
another new mineral, was described by Foshag (1920). 

From 1921-1925 ten additional species were found, and of these three 
were new. Merwinite was described and named by Larsen and Foshag 
(1921). In the same year, Eakle (1921) determined jurupaite, which has 
since been considered to be a magnesiaum-rich xonotlite. A new mineral, 
foshagite, was described, also by Eakle (1925). It. was later considered to 
be identical with hillebrandite (Berman 1937) but more recent work 
Heller and Taylor 1956) has shown the validity of this material as a 
separate spec ies. 

During the period 1933-1937 twelve additions were made to the list, 
among them three more new species. The first of these was tilleyite, 
named by Larsen and Dunham (1933). Then Peacock (1935) determined 
the triclinic symmetry of one type of wollastonite crystals described by 
Eakle from Crestmore. He proposed that the name wollastonite be ap- 
plied to this modification, and that the far less common monoclini 
variety be called parawollastonite. Some of these truly monoclinic crys- 
tals are found among Eakle’s Crestmore wollastonites, so that both 
modifications are present here. Then D. McConnell (1937) observed and 
named ellestadite, a wilkeite-like mineral with little or no phosphate 
radical present. 

Rather extensive papers by Woodford and his associates (Woodford 
et al. 1941, Woodford 1943) added twenty-eight recognized species, 
most of them by their own observations. Besides these, they list at least 
eight unnamed species, some of them probably new, besides some others 
which have since been identified. These papers devote considerable at- 
tention to distribution of minerals throughout the quarries, and make 
incidental comments on the origin of several. 

There is no published record of any additions to the list until 1949, 
when the mineral perovskite was noted, by the present author, Murdoch 
(1949), but a number of new occurrences were observed over the previous 
six years, in specimens from his personal collection and in material sent 
him by private collectors. 

In the period 1951-55 eleven names were added, and among these 
was the new compound nekoite determined by Gard and Taylor (1955) 
from material Eakle had called okenite. Several of the observed species 
are rare, among them afwillite, scawtite, and bultfonteinite. Prior to 
these years, one probably new mineral was observed and partially de- 
scribed by the writer, and tentatively called mineral Z, but the results 
were not published, in absence of a reliable analysis. Qualitative tests 
indicated that this was a hydrated silicate carbonate of calcium. 

Recently C. W. Burnham (1959) published a very complete paper on 
the detailed geology and paragenesis of minerals on Crestmore, and I 
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have drawn freely on this in outlining the sequence of events and the 
characteristic features of the locality. 

During the autumn and winter of 1959-60, I have had the privilege 
of working in the Harvard laboratory on an extensive collection of Crest- 
more material made by Col. C. M. Jenni. At the same time Alden Car- 
penter, a graduate student, has been working on his own collection of 
Crestmore specimens at the same place. The results of study here are 
by no means complete, but in the course of routine examination an addi- 
tional eight named species have been added, including the rare minerals 
ettringite, szaibelyite, and huntite. In addition, a number of definite 
species have been observed which are so far not identified, and some of 
which are surely new. 

The presence of such a great variety of minerals is due to the rather 
complex geologic history of the occurrence. This produced a fortunate 
combination of conditions which permitted the development of many 
uncommon compounds as well as of the usual species. There were a num- 
ber of factors involved in this history, which started with the meta- 
morphism of the original sediments, included the crystallization of the 
various igneous intrusions, continued with their successive contact ef- 
feets, and ended with surface weathering and oxidation. The early, pre- 
sumably régional, metamorphism of the sediments, and the final weather- 
ing, produced few minerals and no very ‘interesting ones. Intrusion and 
crystallization ef the igneous intrusives produced the normal suites of 
rock-forming minerals, and in the case of the quartz diorite, resulted in 
the development of a thin, normai contact zone with grossularite garnet, 
epidote and wollastonite. Early stages of the intrusion of this rock may 
well have been responsible for the formation of the original abundant 
periclase in the magnesium rich layers of the limestone. With dropping 
temperatures late hydrothermal agencies from the same source may 
have hydrated most of this periclase to the nests of foliated brucite that 
we see now. At the same time, some of the purer limestone may have 
received its blue color. There is as yet no adequate explanation for this 
color. The pegmatites may have been injected at about this time, but 
seemed to be responsible for very littke mineralogic change. 

The somewhat later intrusion of the quartz monzonite porphyry is 
responsible for the development of an extensive aureole of contact rock, 
some of it completely silicated. Burnham (1959) has observed a ‘definite 
zoning in this aureole, starting next to the igneous rock with grossularite 
is the principal mineral, accompanied by minor wollastonite and diop- 
side. The next zone js almost entirely idocrase, and the outermost mainly 
monticellite with a rather long list of minor constituents, such as chon- 
lrodite, clinohumite, merwinite, tilleyite, etc. This zoning shows a suc- 
essive decrease in the ratio Si+Al+Fe,Ca+ Mg with increasing dis- 
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tance from the intrusive, and indicated that these elements were added 
metasomatically to an originally essentially pure limestone. 

These zones are not always well defined, and are complicated by the 
irregular form of the intrusives. Further, we may find variations in them 
to produce local masses made up of idocrase-diopside-grossularite- 
spinel, monticellite-idocrase-wollastonite-diopside, or spurrite-merwinitte- 
gehlenite. These may be solid silicate masses or may be interspersed with 
irregular patches of coarsely crystalline, often bright blue, calcite. In 
these calcite patches we sometimes find metallic sulphides, galena, 
bornite, chalcopyrite, disseminated in droplike pellets. Some of these are 
perfectly fresh, while others are altered to secondary carbonates or 
oxides. In a few cases the galena is surrounded in the neighboring matrix 
by minerals like wulfenite or mimetite. 

Some of the massive garnet-wollastonite zone is composed of very 
fine, sugary grossularite, and fracture surfaces in this mass are often 
characterized by the presence of feshagite in “‘slip-fiber’’ form, like 
asbestos, or painted over with a thin coating of a brilliant blue mineral 
so far unidentified. This has tentatively been called mineral Y, and 
some of its characteristics determined, but not enough pure material is 
so far available for final determination though it appears to be a copper 
bearing: calcium silicate hydrate. Mineral Y may occur alone on a sur- 
face, or in combination with foshagite, or less often as pellet-like aggre- 
gates of thin blades occurring in calcite just like the metallic sulphides. 

The massive monticellite rock, brown in-color, also is cut by narrow 
veins, rarely over one-eighth to one-quarter ineh wide, filled with fibrous 
or platy white minerals. Usually these are massive, but occasionally small 
cavities allow the formation of crystals. Some of this vein filling is thau- 
masite, showing a cross fiber pattern and in the rare -open spaces well de- 
veloped terminated crystals. Much of it, however, is a platy mineral which 
I observed several years ago, and have tentatively called mineral Z. 
This occurs locally in the grossularite rock and the merwinite-spurrite 
rock as well as here, and normally appears as botryoidal. groups of clus- 
tered blades. Rarely it develops freely, forming multiple or even more 
rarely, single thin crystals, reasonably suitable for single-crystal x-ray 
study. These crystals are so thin as to be practically invisible when 
viewed on edge, so that goniometric measurements are impossible. Opti- 
cal properties, x-ray powder pattern, unit-cell dimensions and symmetry 
correspond closely to one of the calcium silicate hydrates (14 A) de- 
scribed by Heller and Taylor (1956) and the qualitative chemical com- 
position is essentially the same. A satisfactory chemical analysis had not 
been possible until last winter, when a more abundant supply became 
available from the Jenni and Carpenter collections at Harvard. Analysis 
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of this material showed the presence of several per cent of B.O; and 
COx, although these do not appear to affect the powder pattern. With the 
availability of this analysis, a reasonably complete description and nam- 
ing of this mineral is in process. It has been suggested that it is somewhat 
similar in composition to Daubree’s plombiérite, and so should be given 
this name, but his material was a gel, rather poorly described, and this is 
crystalline. In my opinion mineral Z is a definite and different substance, 
and deserves species rank and a name of its own. Some of the white 
crusts, in the merwinite-spurrite rock particularly, are very like mineral 
Z in appearance and gross chemical composition, but give a distinctly 
different x-ray powder pattern, corresponding to another of the calcium 
silicate hydrates of Heller and Taylor (with a prominent line at 10 A), 
and appears to be free from admixture. The chemical analysis shows a 
different proportion of CaO to SiOz from mineral Z, so this also should be 
considered a mineral species. 

In the spurrite-merwinite rocks, many of the veins are quite different 
from those just described, and are characterized by the presence of scaw- 
tite (sometimes accompanied by mineral Z), or afwillite (often with et- 
tringite). Scawtite and afwillite-are ordinarily in small, but well formed 
crystals. Ettringite is locally abundant, as tiny hexagonal prisms or as 
larger crystal grains without external form, and in the latter case often 
peppered through in poikelitic fashion, by afwillite. Analysis of the et- 
tringite showed the presence of considerable AloO;, SiO. and COs, and 
single photographs gave a unit cell with twice the a dimension of the 
published value for ettringite. Accordingly, this material was considered 
to be an allied. but new mineral,-and given the name woodfordite by 
Murdoch (1958). However, re-examination of the unit cell dimensions of 
ettringite showed the calculation of the a axis to be in error. The true 
value is double, thus making the cell size identical with woodfordite. It 
was then considered that the difference in composition was not enough 
to warrant making a new species, and that woodfordite should be con- 
sidered as a variant of ettringite. 

This group of vein minerals should probably be referred to a very late 
hydrothermal stage in the contact process. Further from the contact,. 
with less complete silication, the invading minerals take the form of small 
grains disseminated in the calcite. These grains range in shape from 
smoothly rounded pellets to nearly perfect crystals. The commoner min- 
erals involved are idocrase, diopside, wilkeite (less commonly with de- 
velopment of crystal faces), spinel, a colorless to gray monticellite (prac- 
tically never showing crystal outlines). More rarely we find chondrodite, 
perovskite, and magnesioferrite. 


In this sparsely mineralized region, wilkeite is usually more or less 
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completely altered to the mineral called crestmoreite by Eakle. This has 
been shown to be tobermorite, practically all with residual wilkeite, 
even down to the submicroscopic state. The enveloping calcite is appar- 
ently entirely unaltered, but here again, as in the case of scawtite, afwil- 
lite, and mineral Z, the alteration is probably late hydrothermal in char- 
acter. 

In the Sky Blue limestone just below Burnham’s locality N on the 
910’ level of the Commercial quarry, there are various stringers of peg- 
matitic material carrying gray diopside, quartz, orthoclase and sporadic 
merwinite. Closely associated with these is a mass of mangesium-rich 
limestone carrying several borate minerals. One of these is ludwigite, 
occurring in small well formed black prismatic crystals. Another is a 
hydrous magnesium borate which appears to be a new species. It occurs 
as single prismatic individuals or clusters of prisms, colorless but usually 
with minute black flecks arranged in parallel position. Crystal outlines 
are usually poor, although good faces occur in the prism zone. The 
matrix is a mixture of rather coarse grains of calcite and dolomite. Late, 
probably hydrothermal action has reduced many of the borate crystals 
to white powdery szaibelyite and an unidentified magnesium carbonate. 
Chemical analysis shows hydroxy! as well as water of crystallization and 
a ratio MgO to BOs of five to one. A detailed description of this minezal 
is in progress. Closely accompanying this borate, we find feathery sprays 
of another unknown mineral, probably a borate, altered to white szai- 
belyite. This material needs further study. 

Locally, notably in material from the Lone Star or Wet Weather 
quarries, galena and sphalerite are relatively abundant, and appear with 
their oxidation products anglesite and cerussite, hemimorphite and 
smithsonite. A perceptible cadmium content of the sphalerite is revealed 
by rare coatings of bright orange greenockite. After the closing down of 
these quarries, a good deal of this sort of material was available for a 
while from a dump ridge along the eastern boundary of the company’s 
property. This dump unfortunately is now buried under sand from an 
extensive stripping operation. 

I have tried to give you my impression of Crestmore as I have known 
it, a wonderful collecting ground and a place worthy of the enthusiasm of 
any ardent mineralogist. In closing, I wish to express my deep apprecia- 
tion of the favors and courtesies extended to me over the years, by the 
Riverside Cement Company and its staff. Not only have they supplied 
me with invaluable pictures and information, but during all my visits to 
Crestmore I have had the most pleasant personal relationships in all my 
contacts there. 
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VULCANITE, A NEW COPPER TELLURIDE FROM 
COLORADO, WITH NOTES ON CERTAIN 
ASSOCIATED MINERALS 


EUGENE N. CAMERON AND IAN M. THREADGOLD, 
University of Wisconsin, Madison, Wisconsin. 


ABSTRACT 


\ copper telluride found in specimens from the Good Hope Mine, Vulcan, Colorado, 
has been determined to be a new mineral. It is named vulcanite, from the locality of the mine 

Vulcanite forms light bronze to yellow-bronze aggregates of prismatic or bladelike to 
irregular grains of metallic luster. One prominent cleavage and one less prominent are 
probably pinacoidal. Twinning nearly at 45° to the prominent cleavage is shown. Hardness 
is between 1 and 2; specific gravity is indeterminate owing to impurities. In polished sec 
tion, vulcanite is strongly bireflectant (reflectivity in white light is ca. 36.0% to 58.5%), 
varying from bright yellow to yellow-white to medium blue-gray. Extinction is parallel to 
cleavage and the long axes of laths. Rotation sense is relative to the prominent cleavage 
\nisotropism is very strong; polarization colors are yellow-white, grayish yellow-white, 
yellow-orange; gray. Phase difference in white light is ; elongation on the prominent 
cleavage is Rotation angles (corrected A,) range from 17.2° +0.6° at 470 my to 24.7 
+0.6° at 650 mu. Phase differences (23) range from 58.0°+6.0° at 470 mu to —9.0°+1.8 
at 650 mu. Microchemical tests show Cu and Te; etch tests are positive for 1:1 HNOs, 1:1 
HCl, FeCh, and KCN, negative for HgCl. and KOH 

X-ray powder diffraction data show that vulcanite is orthorhombic, with cell dimen 
sions a=4.09 A, b=6.95 A, and c=3.15 A. These values are in close agreement with those 
found for synthetic CuTe by Anderko and Schubert. The probable ‘space group is Pmnm 

[winning and intergrowths in rickardite associated with vulcanite are described briefly 


\ second telluride, also apparently new, is briefly described pending further investigation 


INTRODUCTION 


During an investigation of the rotation properties of rickardite in 
U. S. National Museum Specimen R-933, from the Good Hope Mine, 
Vulcan, Gunnison County, Colorado, a mineral with even more remark- 
able optical properties was noted. The same mineral was subsequently 
found in United States National Museum Specimen 85136, from the 
same locality. Investigation indicates that it is a compound of copper 
and tellurium having unit cell constants essentially in agreement with 
those given by Anderko and Schubert for synthetic CuTe, a compound 
not heretofore reported as a mineral. The mineral therefore appears to be 
a new spec ies. We propose to name it vulcanite, after the lo ality of the 
Good Hope Mine. 


DESCRIPTION OF VULCANITI 


Both specimens studied consist of fragments of mineralized rock ce- 
mented by rickardite, vulcanite, and native tellurium. Intergrown 
rickardite and vulcanite form a layer 0.5 to 3 mm. thick encrusting each 
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rock fragment. In general, rickardite predominates in the outer part of 
the layer, next to the rock fragments, whereas vulcanite predominates 
in the inner part. Tellurium fills the remainder of the spaces between 
fragments and forms scattered minute grains and small patches in the 
rickardite-vulcanite crusts as well. 

In hand specimen, vulcanite is light bronze to yellow-bronze, with a 
metallic luster. No crystals are present, hence the morphology cannot be 
determined. Cleavage is visible on broken surfaces, but the number and 





Fic. 1. Elongate irregular laths of vulcanite (pale gray to medium gray) partly replaced 
by rickardite (dark gray). Native tellurium (white) forms three minute northeast-trending 
grains and an irregular patch at the northeast corner of the photograph. Plain light, X 130 


orientation of cleavages are indeterminate. Owing to intergrowth with 
rickardite, pure material for determining specific gravity is unobtainable. 
The material is extremely soft (1-2) and somewhat sectile. 
Under the microscope, vulcanite grains range from lath-shaped to 
nearly equant to irregular (Fig. 1). Many grains fall in the range from 
0.1 mm. to 1.1 mm. in length, but where partial replacement by rickard- 
ite is shown (see below) remnants of vulcanite crystals measurable in 
microns are abundant. A prismatic or blade-like habit is suggested. Some 
lath-shaped grains have a well-developed lengthwise cleavage, others 
show a poorly developed cleavage at right angles to the first, and still 
others show only the poorly developed cleavage. We judge that both 
cleavages are pinacoidal. Extremely thin twin lamellae along planes 
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nearly but not quite at 45° to the prominent cleavage occur in some 
grains. 

The optical properties of vulcanite are so distinctive that identifica- 
tion of the mineral is a simple matter. They are as follows: 


Color: bright yellow or yellow-white to medium blue-gray 
Reflectivity (photoelectric method in white light): maximum, 58.5%, minimum 36.0% 
rhese values are low, possibly by as much as 2-3%, because there are no grains en 
tirely free of scratches, pits, and inclusions of rickardite 
Bireflectance: very strong, as indicated by reflectivity values. Grains showing the well-de 
veloped cleavage are bright yellow when the cleavage is parallel to the polarizer vibra 
tion plane, blue-gray when the cleavage is at the perpendicular position. Elongate 
grains lacking the prominent cleavage are bright yellow when the long axis is parallel 
to the polarizer, bluish-gray at the perpendicular position 
Extinction: parallel to cleavage and elongation of laths 
Rotation properties (2 
Rotation sense: ‘ relative to the well developed cleavage and to long axes of plates 
showing this cleavage 
{nisotropism: very strong; polarization colors (nicols crossed) brilliant yellow-whit 
grayish yellow-white, yellow-orange, gray, depending on orientation 
Phase difference in white light: (4+-); the gypsum plate is strongly affected 
Elongation in white light: The principal cleavage direction is length fast. Plates lacking 
prominent cleavage are length slow 
Polarization figure: DR, weak, DA, strong. The field between the isogyres at the 45 
position is orange; the areas outside the isogyres are blue 
Rotation angles and values of 20: 


1,, observed, 1-, corrected a 

; ’ 23 in degrees 

in degrees in degrees 
470 mu 20.7 7 i7 2+ 6 58.0+6.0 
520 my 24.5+ .5 20.4+ .4 35.5+3.0 
546 mu 26.2+.5 21.8+.4 20.922.5 
589 my 28.2+ .6 23.5+ .5 6.1 S 
620 mu 28.9+ .6 24.1 5 2-31.32 
650 mu 29.6+.7 24.7+ .6 9.0+1.8 


In the above, A,, corrected, is the observed rotation angle corrected for the additional! 
rotation produced by the reflecting plate (2). The value given for 20 is the corrected value 
Vulcanite in sodium light gives the highest values of A, yet recorded for any mineral. 

Microchemical: Tests for Cu and Te positive. Etch tests: 1:1 HNO; effervesces, staining 
dark gray; 1:7 HNO; effervesces after about 20 seconds, stains brownish-gray, and brings 
out cleavage; HCI bleaches grayish-white; FeCl; instantly darkens, staining light brown; 
KCN bleaches and then stains light brownish-gray; HgCl. and KOH negative. 


X-RAY DATA FOR SYNTHETIC CUTE-AND VULCANITE 


In 1954, Anderko and Schubert (1) reported a study of the system 
Cu-Te in the region from about 34 to 67 at. “@ Te. They prepared mixtures 
in various proportions from electrolytic copper and tellurium of a purity 
of 99.7%. Samples weighing from 1 to 20 grams were fused in evacuated 
quartz tubes ina Tamman oven. Maximum weight loss due to volatiliza- 
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tion of Te in any experiment was 0.4%. Temperatures of fusion ranged 
upward of 600° C. X-ray and microscope studies of the products were 
supplemented by dilatometer studies. At compositions in the vicinity of 
50 at. %j, they obtained mixtures of CuyTe,* (synthetic rickardite) and 
a second phase of entirely different properties. In some preparations, 
small amounts of native tellurium were also present. From the phases 
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Fié. 2. Tellurium-rich portion of the system copper-tellurium, 
from Anderko and Schubert 


found at various temperatures and from x-ray studies, they concluded 
that the second phase had a composition very close to CuTe. Phase rela- 
tions in the tellurium-rich portion of the system Cu-Te as interpreted by 
Anderko and Schubert are shown in Fig. 2. CuTe appears as a product 
of peritectic reaction of CuyTes with liquid at about 365° and 67 at. % Te. 

From x-ray powder and single crystal data, Anderko and Schubert 
concluded that CuTe is orthorhombic, with a=3.15+0.02 kX units, 
6=4.07+0.02 kX units, and ¢c=6.92+0.02 kX units. They calculated 
that the unit cell contains 2 Cu and 2 Te and that the space group is 
Pmnm. 


X-Ray INVESTIGATION OF VULCANITI 


X-ray powder diffraction data for vulcanite are given in Table I. The 
values obtained for interplanar spacings agree with values calculated 


* According to Forman and Peacock (4), the formula of rickardite is Cuy_,Tes 
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from values of sin*@ for CuTe given by Anderko and Schubert. The pat- 
tern is indexed on the basis of an orthorhombic unit cell with a=4.09 A, 
b=6.95 A, and c=3.15 A. These values are in close agreement with those 
of Anderko and Schubert, except. that we have transposed the axes to 
agree with the conventional form 6>a>c. If the axes as reported by 
Anderko and Schubert for CuTe are similarly transposed, the space 
group for CuTe becomes Pmnm. 

Several fragments of vulcanite were removed from our specimens for 
single crystal photographs, but all photographs taken are too indistinct 
to be usable, apparently because the fragments were deformed during 
removal. Extreme care in removal of fragments from the polished sur- 
faces failed to resolve the diffic ulty. 


Pasie I. ¥-Ray Powper Data FoR VULCANITE (CuTe 


Pmnm; ag9=4.09 A, bp =6.95 A, co=3.15 A 
Cu/Ni radiation, Kg=1.5418 A; Camera diameter 114.6 mm 


I (Est d(Obs.)} d(Cale hkl I (Est d(Obs.)f d(Cale hkl 
4 6.94 6.95 010 2 1.521 1.522 O41 
. . - . 
0.2 3 88 hes 13 1439 l aS 112 
6 3.52 3.52 110 1.435 022 
3 3.47 3.48 020 | 1.425 1.426 141 
0.2 3.34 1 1.391 1.390 050 
0.2 3. 23* 0.5 1.376 1.378 231 
0.2 3.18 3.25 201 0.5 1.353 1.354 122 
7 2.86 2.87 O11 0.5 1.337 1.338 310 
3 2.65 2.65 120 1 1.324 1.324 240 
‘3 2.49 2.530 101 0.5 1.301 1.302 032 
, » 28 2.34 021 , 1271 1.272 O51 
™ 2.35 111 7 " 1.269 320 
3 2.32 aaa 030 a 1.251 301 
. 0.5 1.249 
0.5 2.24* 1.248 202 
2 2.05+ 2.05 200 2 1.241 1.241 132 
> O3 ) 5 »? 1? 
10 2.03 er aa 2 t.22 1.228 212 
2.02 130 1.214 1.214 151 
l ; 1 566 1 566 031 25 1177 1175 330 
2 » 1 762 1 762 220 222 
0 1.738 1.738 O40 0.2 1.158 n.d 
0.2 1.701 1.698 131 ().2 1.150 
2 1.665 1.665 211 2 1.115 
0.2 1.597 1.599 140 0.5 1.100 
‘3 1.576 See 002 1 1.081 n.d 
e 1.533 230 
| 1.532 8 
1.536 O12 


* Lines due entirely or in part to native tellurium 
+ Lines due entirely or in part to rickardite 
t Corrected for film shrinkage 
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In our powder photographs, there are a number of weak lines that can- 
not be indexed. These are probably due to impurities of rickardite and 
native tellurium. One line at 3.18, not accounted for by these contami- 
nants, is near the calculated value of the (001) reflection of vulcanite. 
However, if the space group of vulcanite is Pmnm, indicated by Anderko 
and Schubert for synthetic CuTe, this reflection is prohibited. It is quite 
possibly due to some unidentified impurity, particularly since the differ- 
ence between observed and calculated values is 0.03. Except for the line 
at 3.18, the indices for other lines are consistent with space group Pmnm; 
however, there are insufficient reflections of the type (/O/) to prove con- 
clusively that vulcanite belongs to this space group. 

So far as the optical and physical properties of CuTe are given by 
Anderko and Schubert, they agree with those observed for vulcanite. 


TEXTURAL FEATURES OF VULCANITE AND ITs RELATIONS 
TO RICKARDITE AND TELLURIUM 


The outstanding textural features of the specimens studied are the 
variety and complexity of intergrowths of vulcanite and rickardite and 
the relationships of these two minerals to native tellurium. The simplest 
intergrowths are of the type shown in the central part of Fig. 3, in which 
thin blades of rickardite occur in two sets oriented at a high angle to one 
another and roughly at 45° to the length of the vulcanite host grain. 
Vulcanite grains showing the prominent cleavage may show two sets of 
inclusions, like the grain figured, and a third set parallel to the cleavage. 
rhese intergrowths are of the kind commonly produced by exsolution. 
Anderko and Schubert found identical intergrowths in synthetic CuTe 
and concluded that with cooling, excess Cu in CuTe was exsolved as 
rickardite. The similarity of intergrowths in the synthetic and natural 
materials is so remarkable that one would infer that vulcanite, as ini- 
tially deposited, was likewise a solid solution. 

In the natural material, however, a variety of intergrowths due to 
partial replacement of vuicanite by rickardite is present. In the rickard- 
ite-vulcanite crusts, vulcanite is most abundant in a zone bordering 
native tellurium. In this zone, only incipient replacement by rickardite 
is shown. Away from the native tellurium, the grains of vulcanite show 
progressive replacement by rickardite, and adjacent to the rock frag- 
ments there is a zone in which only remnants of vulcanite are present. 
Replacement is guided by the same sets of planes in vulcanite as those 
long which rickardite inclusions occur in Fig. 3. The relationships are 
shown in Fig. 4. In the central part of the figure irregular laths of vul- 
canite extend nearly across the full length of the photograph. At the bot 
tom, where vulcanite borders a body of native tellurium, replacement of 
vulcanite by rickardite has not progressed far, but in the upper part of 
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the photograph replacement is nearly complete, and only remnants of 
the laths remain. In the incipient stage, however, oriented inclusions of 
rickardite in vulcanite are produced. Every gradation between inter- 
growths of the type of Fig. 3 and those of Fig. 4 is shown in polished 
sections. The replacement intergrowths are also illustrated ‘in Fig. 1. 

In view of the complexity of relationships, the origin of individual 
intergrowths is not always clear. We judge, however, that intergrowths 
such as those of Fig. 3 are due to exsolution of rickardite from vulcanite. 

Textural relationships of native tellurium to the other minerals are 
likewise varied. Boundaries of tellurium with vulcanite and rickardite 
are in general complex and interpenetrating. Tellurium has formed by 


replacement of the other two minerals, along grain boundaries, along 





Fic. 3 (left). Vulcanite (pale to medium gray) and rickardite (dark gray), with a patch 
of native tellurium (white, bottom margin). The oriented intergrowth in the vulcanite 
grain in the central part of the field, and similar intergrowths elsewhere in the field, have 
the characteristics of exsolution intergrowths. The coarser intergrowths at the top and 
lower left are of the type produced by partial replacement of vulcanite by rickardite, as 
illustrated in Fig. 4. Plain light, 190. 

Fic. 4 (right). Progressive replacement of irregular laths of vulcanite pale gray to 
medium gray) by rickardite (darker shades of gray), guided by crystallographic directions 
of vulcanite. At the bottom, rickardite occurs as thin discs and incipient networks i 


vulcanite. At the top, only remnants of vulcanite in rickardite are present. Plain light, x70 
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cleavages and other crystallographic planes, and locally along fractures. 
Despite the gross crustification shown by the ore specimens, the three 
minerals have clearly not formed by simple cavity filling. 

The paragenetic sequence indicated is therefore vulcanite (earliest), 
rickardite, and tellurium (latest). This means a change, in successive 
phases deposited, from Cu:Te=1:1 to Cu:Te ca 4:3, and then to 
Cu:Te=0. This is a puzzling sequence—a simple sequence tellurium- 
vulcanite-rickardite, involving a progressive increase in Cu: Te ratio, or 
a sequence rickardite-vulcanite-tellurium, involving a decrease in Cu: Te 
ratio, would be easier to understand. The experiments of Anderko and 
Schubert are of interest here. They found that in alloys with composi- 
tions in the neighborhood of 50 at. “@ Te, the phases present and their 
fabric depend on the conditions of cooling. A melt of 50 at. %% Te at 
800° C., when quenched in water (their Fig. 3) gave a mixture of CusTe;, 
CuTe with exsolution discs of CuyTe;, and a eutectic of CuTe and Te. 
This is a disequilibrium assemblage, for the stable phases at this com- 
position (Fig. 2) should be CuyTe; and CuTe. The ore here described 
would appear likewise to be a disequilibrium assemblage, but in all 
probability was formed in an open system rather than a closed one. 

As an alternative, it may be that in the ore body as a whole vulcanite 
was replaced by rickardite, in open system, and that the excess tellurium 
was taken into solution but later deposited at certain points in the ore 
body, partly by replacement of both the earlier minerals. Without know]l- 
edge of mineral relations throughout the ore bodies of the Good Hope 
Mine, including the three-dimensional mineral distribution and propor- 
tions therein, the interpretation is purely speculative. However, from 
the work of others on ores of the Good Hope Mine, it seems evident that 
the ores varied in mineral composition from place to place, and that vul- 
canite was not everywhere present. So distinctive a mineral could have 
scarcely have been overlooked. 

In the synthetic system (Fig. 2), CuTe is deposited at a temperature 
between 340° C. and 365° C. The direct applicability of the phase dia- 
gram to natural systems, however, is open to the usual questions. 

WATANABE’S WORK ON WEISSITE 

So far as we can determine, CuTe has not previously been recognized 
as a mineral. However, in 1938 (5), and again in 1950 (6), Ramdohr re- 
ferred to a work in Japanese by M. Watanabe, in which both natural and 
synthetic copper tellurides were apparently discussed. Ramdohr stated 
that according to Watanabe’s findings, weissite corresponds to artifi- 
cially prepared CueTe, which can hold about 5% Te in excess and then 
agrees fully with analyzed natural weissite. Watanabe described weis- 
site, however, as cream-white to dark blue, whereas Ramdohr and other 
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investigators (7, p. 113; 8, p. 357) describe weissite as light gray, similar 
to chalcocite, weakly bireflectant, and moderately anisotropic in pink, 
bluish gray, and blue. Weissite as thus described has been definitely es- 
tablished as a mineral species (8), but it is clearly not vulcanite. Yet 
from Watanabe’s description of bireflectance as quoted by Ramdohr, it is 
conceivable that the substance described by Watanabe as weissite may 
actually have been that described here as vulcanite. Unfortunately, 
Watanabe’s work is not available to us. 


NOTES ON RICKARDITI 


Rickardite in the specimens studied exhibits a complex pattern of poly- 





synthetic twinning along two sets of planes that are probably at right 
angles to one another (Fig. 5). This type of twinning is strongly sug- 
gestive of inversion from a high-temperature form to a low-temperature 
form. In 1907, from a study of the system CuTe, Chikashige (3) recog- 
nized an inversion at or near 365°, and this temperature has been con- 
firmed by Wassermann, Wallbaum, and Keymling (private communica- 
tion to Anderko and Schubert) and by Anderko and Schubert (1). The 
latter authors (their Fig. 1) show twinning in synthetic Cu,yTe,; that 
appears identical with that of our Fig. 5. Ramdohr (6) noted inversion 


ecstatic 





Fic. 5. Rickardite (medium to dark gray), showing complex twinning. In the larg: 
crystal in the upper half of the field a thin blade of vulcanite (white) is oriented at abou 
$5° to the twinning, but other blades show variation in orientation. White to light gra\ 
grains are vulcanite. Crossed nicols, « 140 


+ 
4 








twill 


high 


sam 
CACC 
com 


In Oo 





toh ae et nomena ee 








VULCANITE, A NEW COPPER TELLURIDE 267 


twinning in rickardite from the Good Hope Mine and suggested that the 
high temperature form might be cubic. Anderko and Schubert obtained 
. diffraction pattern from the high-temperature form, but the vagueness 
of the lines at high reflection angles prevented definite indexing. They 
state that a cubic indexing appeared excluded, but a relationship to the 
structure of CuS appeared to be shown. 

The orthogonal pattern of twinning shown by rickardite in the ma- 
terial studied here suggests that the high-temperature form has either a 
cubic symmetry as suggested by Ramdohr, or a higher order of tetrag- 
onal symmetry, but further investigation of this matter is necessary. 

Just as vulcanite contains inclusions of rickardite, rickardite in many 
places contains oriented inclusions of vulcanite that appear to be of the 
same origin and suggest that rickardite, as first deposited, contained 
excess Te. The inclusions are commonly oriented at about 45° to the 
complex twinning, more rarely parallel to it, but there is some variation 
in orientation. 


UNKNOWN MINERAI 


An unknown mineral occurs in the polished sections studied as patches 
of anhedral grains with the following properties: 


Color: medium brownish-gray (liverwurst gray) 

Reflectivity: 32% in white light, by photoelectric method 

Bireflectance: weak but perceptible, more grayish to more brownish as the stage is rotated 

Specific gravity: not determinable from material at hand. 

Hardness: not greater than 2 

Cleavage and twinning: none observed 

Polishing characteristics: polishes smoothly. Polishing hardness < vulcanite and rickardite 

inisotropism: distinct; polarization colors (nicols exactly crossed) medium gray, slate-gray, 
gray with brownish tint. With analyzer slightly uncrossed, a golden-brown color is seen. 

Polarization figure: at 45° position isogyres are black, with an orange tint on concave sides 

Center of field is bluish gray. 
ign of phase difference in white light: , effect on gypsum plate is distinct 
Rotation angles and 23: 


Wavelength praprtnaccsteg ee 29 in degrees 
in degrees in degrees 
470 my 2.2% .1 1.8+.1 Be 1 
520 mu 15+ .1 1.2+.1 ea 
546 mu t.3t .1 1.0+.1 ee 
589 mu 0.8+.1 0.6+.1 -2.4+.1 
620 mu O.4+ .1 0.3+.1 +2.9+.1 
650 mu 0.0+ .2 0.0+ .2 +-3.1+ .1 
589 mu 0.9+.1 0.7+ .2 a5 .8 


oil m 1.515 


lhe corrected values are the observed values corrected for the effect of the reflec ting 
e. Values for 2,9 are corrected values. It will be noted that the mineral is essentially iso 
ic at 650 my and that the sign of 28 passes through zero between 589 my and 620 mu. 
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Qualitative microchemical tests indicate that the mineral contains Cu and Te, but ma 
terial sufficient for quantitative chemical analysis or for spectrographic analysis with 
equipment available to us cannot be obtained from the specimens 

The X-ray powder pattern of the mineral cannot be identified with that of any known 
mineral species. Incomplete single crystal studies indicate that the mineral is hexagonal 
Further studies are in progress and additional material is being sought with the aim of 


characterizing the mineral properly. 
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Vote: On the eve of transmittal of the manuscript of this paper, the authors received a 
communication from Dr. Paul Ramdohr, saying that he has been studying a mineral, in an 
ore from a Japanese locality, which he concludes is also CuTe. This indicates a second o« 
currence of vulcanite. Like the authors, Dr. Ramdohr infers that the pleochroism reported 
by M. Watanabe for weissite was that of natural CuTe. 
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DIELECTRIC BEHAVIOR OF ROCKS AND MINERALS* 


8. F. Howe t, Jr. ano P. H. Licastro,t Department of Geophysics and 
Geochemistry, The Pennsylvania State University, State College, Pa. 


ABSTRACT 

\ reconnaissance study of the dielectric constants of twenty-three common mineral 
and seventy-one rock samples was made at thirteen frequencies in the range 50 cps to 
30 megacycles. Dispersion was observed for all rock samples tested and for a few minerals 
at the lower end of the frequency spectrum. Moisture in a rock can increase the dielectric 
constant by an amount greater than is predicted by simple mixing rules. Water appears 
to be the principal constituent of the rock controlling the dispersion. The observed dis 
persion was similar in form to Maxwell-Wagner type polarization, but was quantitatively 
much greater. Some form of electrode or membrane polarization appears to be the most 
likely explanation. The dispersion is probably a result of the same mineral properties on 
which induced-polarization methods of geophysical prospecting are based. 


INTRODUCTION 


The electrical behavior of matter is controlled basically by three phys- 
ical properties: electrical conductivity, magnetic permeability and di- 
electric constant. Values of the electrical conductivity and magnetic 
permeability of mineral materials and the factors controlling their varia- 
tions are relatively well known. On the other hand, the dielectric behavior 
of matter is less studied and more poorly understood than almost any 
other physical property. This paper reports a reconnaissance study of the 
dielectric behavior of a few common earth materials, and it attempts to 
explain their behavior in terms of fundamental physical processes. 

Dielectric “‘constant”’ is not a constant at all in the usual physical 
meaning of the word. It is a property which depends on such variables as 
temperature, pressure and frequency of alternating voltage. Funda- 
mentally, it is the ratio of the average electrical charge displacement per 
unit area in a body to the electrical stress displacing it. Mathematically 
this is expressed 


D= KK,E (1) 


where D is the vector electric displacement, E is the vector electric field, 
K is the relative dielectric constant and K, the permittivity of a vacuum. 

It is more common to find dielectric constant defined in terms of a 
parallel-plate capacitor. According to this definition, the dielectric con- 
stant of a material is the ratio of the capacitance, C, of the capacitor 


* Contribution No. 59-37, College of Mineral Industries, The Pennsylvania State Uni 
versity. 

+ This article is a condensation of a Ph.D. thesis by the junior author. The complete 
thesis is on file in The Pennsylvania State University Library 
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with the material between the plates to the capacitance, Co, of a similar 
capacitor in vacuo 


where the charge on the plates and the voltage between them are g and 
V with the material present, and go and Vo in vacuo. 

The amount of charge which will exist on a pair of plates held at a 
given potential with respect to each other depends on the nature of the 
material between the plates. The dielectric constant of a material is 
equal to the ratio of the charge which will be present with the material 
between the plates to the charge which will be present in vacuo. Thus, 


No Field Field Applied No Field Field Applied 
—_———_—_——_ —_—————_- 
a Electronic Polarization c. Dipole Polarization 
+-+-+- t+++--—+ 
o-vrrvuO -+-+-+ -++-+- 
OWT +-+-+- +-+--+ 
-+-+-+# -++--- 
b. Atomic Polarization d. Interfacial Polarization 


Fic. 1. Different types of polarization (after Von Hippel 1954A). 


the larger the dielectric constant of the material, the larger the charge 
which will be present. 

The charge on the capacitor plates is present because of polarization 
which occurs within the dielectric material. There are a number of dif- 
ferent ways in which this polarization can occur. In all cases the polari- 
zation is a result of the relative displacement of positive and negative 
charges within the material. The different types of polarization generally 
take different lengths of time to form, which is equivalent to saying that 
each can be observed only below a characteristic frequency of alternating 
voltage. Electronic polarization (Fig. 1) results from displacements of the 
electron clouds surrounding an atomic nucleus. Such displacements can 
occur at frequencies in the visible and ultra-violet spectrum. Resonances 
of the electrons involved in displacements of this sort contribute to the 
absorption spectrum of a material. 

Another cause of polarization is the motion of atoms in a crystal lat- 
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tice. In an electrical field the positively and negatively charged atoms are 
displaced from their normal positions in very small amounts. Such dis- 
placements become important at lower frequencies than for electronic 
polarization. Resonances occur typically in or near the infra-red spec- 
trum. 

A third -type of polarization becomes important at radio frequencies. 
Debye (1912) postulated that the molecules of substances in which 
charges are not symmetrically arranged possess an electric moment 
which is characteristic of the molecule. When an electric field is applied, 
these molecules tend to align themselves with their dipole axes in the 
direction of the field. This is called dipole polarization. It can result also 
from alignment of domains or defects in a solid. 

The three types of polarization considered so far are to be expected in 
homogeneous materials. In heterogeneous materials there is an addi- 
tional type of polarization which can occur. In many materials some of 
the charges are relatively free to move about within the material. The 
degree of freedom depends on the material. In copper and aluminum 
some electrons are particularly free, resulting in high conductivity for 
these materials. In electrolytes both positive and negative ions are free 
to move. Even in relatively good insulators a few charges may be free 
to travel limited distances. If two materials adjoin in which the freedom 
of the charges to move differs, charges will accumulate along the inter- 
face in the presence of an electrical field. This phenomenon is called inter- 
facial polarization. Interfacial polarization generally takes longer to form 
than the other types discussed. Therefore, it is rarely important above 
radio frequencies. Because of the effects of interfacial polarization, it is 
obvious that the dielectric constant of a mixture of materials may exceed 
that of either material alone. 

As a result of these different mechanisms, dielectric constant will 
generally be greater at low frequencies than at high frequencies. Each of 
the different types of polarization adds to the dielectric constant. This is 
shown schematically in Fig. 2. In the case of electronic and atomic 
polarization, resonances are commonly sharp, so that there may be 
peaks and troughs in the curve. Sharp fluctuations are less common for 
dipole and interfacial polarizations. Ideally, the polarization takes effect 
asymptotically centered on a frequency known as the relaxation fre- 
quency. Figure 2 is drawn diagramatically to bring out the separate ef- 
fects. Actually the several steps of dielectric-constant increase may 
merge. For a heterogeneous material like a rock, it would be expected 
that there might be as many forms of interfacial polarization as there 
are varieties of interface between the various grains and contained fluids. 
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EXPERIMENTAL PROCEDURES 


Dielectric constant was determined by measuring the capacitance of a 
parallel-plate capacitor with a round disc of the material being tested 
between the plates. To obtain these discs, plugs were cut from rock and 
mineral specimens using a diamond core drill. A range of sizes from }” 
to 2” diameter was obtained, depending on the size of the original speci- 
men. Discs from 50 to 150 mils thick were sliced from the cylindrical 
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Fic. 2. idealized graph showing the variation of dielectric constant with frequency 


as a result of different types of polarization 


cores using a diamond saw. The discs were ground and polished to obtain 
as nearly as possible smooth, parallel faces. Because of porosity, the rock 
surfaces generally retained some roughness. 

Since failure to make intimate contact between the sample and the 
plates of the capacitor may result in a series air capacitance, metallic 
electrodes were affixed directly to the sample. One type consisted of 50 
50 per cent tin-lead foil coated with petrolatum and pressed onto the 
sample face with a rubber roller. Under vacuum the foil sometimes 
loosened and separated from the sample, so that for most measurements 
it was replaced by a coating of conductive silver paint brushed onto the 
sample surface. 

It is obvious from the discussion presented above that it is desirable 
to measure dielectric constant over as wide a range of frequencies as pos- 
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sible. Comparison of the measurements reported below with those of 
other investigators was of doubtful meaning in many cases because the 
frequency at which the other measurements were made was not reported. 
In the research described below capacitance was measured at a sequence 
of thirteen frequencies ‘between 50 cycles per second and 30 megacycles. 
At least two measurements were made per decade. It was felt that this 
would permit the observation of any dispersion phenomena inasmuch 
as such phenomena are usually observable over several decades. Below 
300 kilocycles a General-Radio Model 716-C capacitance bridge was 
used, with a Hewlett-Packard Model 200-C audio oscillator for a signal 
source and a General-Radio Model 736-A wave analyzer for a null de- 
tector. The bridge signal was monitored with a cathode ray oscilloscope. 
Above 400 kc. a General-Radio Model 821 Twin-T bridge with a Gen- 
eral Radio Mode! 1330-A oscillator and a Collins Model 51J-3 communi- 
cations receiver for a null-detector was used. The bridges were balanced 
both for capacitance and resistive loss. As the bridges are intended for 
use with low-loss capacitors only, their accuracy becomes poor for ca- 
pacitors having appreciable conductance. Therefore, the dielectric con- 
stants of the more highly conductive minerals such as most sulfides and 
fully water-saturated sedimentary rocks can not be determined by this 
apparatus. 

An important aspect of dielectric measurements is the means of hold- 
ing the sample during the measurement. One of the main requirements 
placed upon a sample holder is that the configuration of the electrodes be 
such that the distribution of the field is known. Initial measurements 
were carried out using a General Radio Model 1690-A sample holder. 
This unit, utilizing circular-plate electrodes, is a refined model of the 
sample holder described by Hartshorn and Ward (1936). The electrode 
surfaces are precision-ground and a precision micrometer screw is used 
to drive the movable electrode with respect to the fixed electrode. 

Early measurements on rock samples which had been oven-dried prior 
to measurement indicated that the samples were possibly adsorbing 
minute amounts of moisture from the atmosphere, which led to consider- 
able variation in their dielectric constants during the course of measure- 
ment. To remedy this, an air-tight container was placed around the 
sample holder and a desiccant (P2O;) was put inside. Although this ap- 
peared to reduce the variability, some drift of dielectric constant was 
still noted. This led to the construction of an evacuable sample holder 
consisting of a brass plate contacting the bottom of the sample and a 
conical point electrode on a micrometer adjustment contacting the con- 
ductive-paint film on the top of the sample (Fig. 3). 

In the case of dry samples, after cutting and applying electrodes to the 
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sample faces, the sample was placed in a 100° C. drying oven for a mini- 
mum of 24 hours. The sample was then removed from the drying oven 
and immediately placed in the sample holder. Evacuation was initiated 
and maintained at several millimeters of mercury for at least an hour 
prior to measurement. Evacuation was continued during the course of 
measurement. This same holder without evacuation was frequently used 
when measurements were made under room or natural conditions. 
Where samples containing moisture were measured, partial satura- 


Fic. 3. Evacuable cell for dielectric-constant measurements 





tions were obtained using evaporation Lec hniques described by Holmes 
(1954, 1958). Since several per cent weight loss normally occurred dur 
ing the time of measurement, the water saturation was taken as the 
average of the saturations determined by weighing immediately prior to 
and after measurement. 

For measurements at elevated temperatures, the sample holder con- 
sisted of an oven {Temco Model GRP) with two stiff bare copper wires 
with silver tips. The sample was placed between these wires, one of 
which was pivoted. Temperature was measured through use of a thermo 
couple placed in close proximity to the sample. 

Except where otherwise stated, all measurements were made at room 
temperature which ranged between 22° C. and 34° C. 


The precision capacitors in both capacitance bridges used in this re 
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search are claimed by their manufacturer to provide direct readings 
correct to +0.2 wuf. When corrections supplied with the bridges are 
used, in conjunction with measuring differences in capacitance rather 
than a single direct reading, an accuracy of +0.1 yyuf is claimed. Since 
the lowest value of a sample capacitance read was 5 uy/f, this represents 
maximum inaccuracy of 2 per cent under most circumstances. The in- 
strument can be read to a precision of about 0.05 py/. 

In measuring values of capacitance which fell beyond the limits of the 
standard bridge-balancing capacitors (1000 wuf), as was the case for the 
rocks containing bulk moisture, external variable capacitors (CDB-5, 
CDC-5) were required. The tolerance of these as specified by the manu- 
facturer was +5 per cent. 

It was possible to repeat null positions to within one half of a scale 
division, each division being 0.1 wuf. A check on the over-all instrumenta- 
tion was made by measuring a sample (of Kralastic EBMU) which had 
been previously measured at the General Radio Company and checked 
against their catibration-standards. Their value for its dielectric con- 
stant was 4.46 as compared to a value of 4.48 obtained here. 

To check the reproducibility of the measurements made on individual 
samples, the general practice of repeating the 50 cps measurement after 
each run was established. For the minerals and dry rocks, a maximum 
dielectric-constant variation of eight per cent was found between the two 
réadings. In a majority of cases this variation was less than two per cent. 
Most or all of this variation could be due to changes occurring within 
the sample during measurement, such as loss or adsorption of small 
amounts of moisture. 

For the samples containing free moisture, it was not possible to obtain 
such data on reproducibility, since several per cent weight loss often 
occurred during the course of the measurements. 

To determine the combined reproducibility of both the measuring 
technique and sample treatment, measurements were made on three 
immediately adjacent samples of the Bartlesville sandstone. Each sample 
Was exposed to the same treatment in its preparation for measurement 
and was measured under the same vacuum conditions. The resulting 
data, treated statistically, gave the most probably error of dielectric 
constant as .068 (out of 4.6 to 5.3) between measurements made at any 
given frequency. This “error” included that due to any compositional or 
structural variations between samples. 


DrELECTRIC CONSTANTS OF MINERALS 


The dielectric constants of twenty-three samples of nineteen common 
minerals were measured. The data are summarized in Table I and Figs. 
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TaB_Le I. DreLectric CONSTANT OF MINERALS EXHIBITING LITTLE OR NO DISPERSION 


Sample 


Quartz 
Quartz 
Quartz 
Biotite 
Phlogopite 


Lepidomelane 


Muscovite 
Calcite 
Calcite 
Halite 


Gypsum 


4,5 and 6..The minerals studied were chosen on the basis of availability 
of samples of the most common types. Many minerals which might ap- 
pear appropriate for this study are omitted because samples of sufficient 
purity, size or form were not:available when the measurements were 
being made. The values of 4.5 to 4.7 obtained for quartz lie in the range 
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Dielectric Constant 


eee — 100 cps. 10 me. 
Brazil perp. c-axis 4.59 4.51 
Brazil parallel c-axis 4.60 4.50 
Brazil 45° c-axis 4.69 4.61 
Pontiac Co., Que. para. bas. cleav 4.86 4.78 
Denboln Twp., Que. para. bas. cleav 6.21 6.10 
Faraday Twp., Ont. para. bas. cleav 4.06 3.93 
Mattawan Twp., Ont para. bas. cleav 6.74 6.60 
Unknown perp. c-axis 7.60 7.60 
Unknown parallel c-axis 7.30 7.30 
Harshaw Chem. Co para. cleav 5.85 5.85 
Wayne Co., Utah perp. b-axis 4.24 4.23 
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Fic. 5. Measured values of relative dielectric constant of some silicates. 


of other published figures (e.g. Cady, 1946; Rao, 1947; Smithsonian 
Physical Tables, 1933). Novaculite, pegmatitic quartz, chert and 
chalecedony had dispersed, higher values of dielectric constant. 

The four samples of mica tested had invariant values of dielectric 
constant to the accuracy of the measurements. The observed values are 
in the same range or lower than the values of 5.4-11.5 reported by Von 
Hippel (1945B) and Slichter and Telkes (1942). The dielectric constants 
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Fic. 6. Measured values of relative dielectric constant of some igneous rocks. 
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of the other silicates tested were all dispersed (Fig. 5). The single-crystal 
orthoclase showed the least and the polycrystalline bytownite the most 
dispersion. The values observed spanned the range of 5.45 to 7.22 re- 
ported by Takubo and associates (1953) for powdered samples of plagio- 
clase feldspars. 

The values of 7.6 and 7.3 obtained for calcite were constant, but lower 
than those reported by others. Rao (1949) and the Smithsonian Tables 
(1933) give values of 8.7 (at 1.6 mc.) and 8.49 (d.c.) for the perpendicular 
cut.and 8.2 and 7.56 for the parallel cut. Halite and gypsum also lacked 
dispersion, but dolomite showed a variation. Takubo ef al. (1953) report 
a value of 5.55 for the dielectric constant of halite at 1.6 mc., and 5.02 
and 4.98 for two samples of gypsum at 100:mc. Slichter and Telkes 
(1942) and Rao (1949) quote figures of 6.3 for gypsum, 5.6 to 6.36 for 
rock salt (no frequency stated) and 6.8 and 7.8 perpendicular and paral- 
lel to the axis for dolomite (at 400 mce.). 

Apatite had one of the most unusual dielectric constants measured 
(Fig. 4). Its curve was nearly flat at low frequencies and fell off at high 
frequencies. Slichter and Telkes (1942) quote lower but not inconsistent 
values of 9.5 perpendicular to the axis and 7.4 parallel to the axis at a 
frequency of 400 mc., which is higher than the frequency range covered 
here. Rao (1949) quotes figures ranging from 7.4 to 10.5 at 1.6 mega- 
cy les. 

The small differences between the values reported here and those of 
other investigators could represent variations within the range of pos- 
sible values for these minerals as a result of the presence of impurities or 
allowable types of structural variation; they could be the result of the 
different methods of measurement including the differences in the fre- 
quencies at which the measurements were made; or, less likely, they 
could be the effects of differences in the temperatures at which the differ- 
ent measurements were made. 


DIELECTRIC CONSTANTS OF ROCKS 


Dispersion was observed in the case of all rock samples tested. Figure 
6 shows the dielectric constant of ten igneous rocks, and Fig. 7, the di- 
electric constant of six metamorphic rocks. The values observed at high 
frequencies are comparable to those reported by others (Slichter and 
Telkes, 1942; Rao, 1948). Marble showed the least dispersion, from 9.20 
at 100 cps at 8.90 at 10 me. 

In the case of sedimentary rocks, the dielectric constant depended 
greatly on the moisture content. Figures for the dielectric constant of 
dried and natural-state Morrison sandstone samples have already been 


published by Keller and Licastro (1959). Similar-results were obtained 
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Fic. 7. Measured values of relative dielectric constant of some metamorphic rocks 


for samples of Bradford sandstone, Wilcox sandstone and Bartlesville 
sandstone. Even after drying under vacuum a small dependence of di- 
electric constant on frequency was generally observed. Values increased 
from 4.0-4.9 at 10 megacycles to 4.5-5.4 at 50 cps. (Compare these 
values with the dielectric constant of quartz of 4.5—4.7. The lower values 
for sandstone are expectable as a result of porosity.) Natural-state and 
artificially saturated samples all exhibit dispersion. Figure 8 compares 


tt 


the dielectric constant of a typical sample of Wilcox sandstone under 
natural-state (atmospheric) conditions with the same sample under 
vacuum and subsequent saturation with distilled water. 

The dielectric constants of five typical samples of carbonate sediments 
are shown in Fig. 9. Values of calcite and marble are included for com- 
parison. 


Factors INFLUENCING DIELECTRIC CONSTANT 


The factors influencing dielectric constant can be divided into three 
groups. First, the chemical composition of the material has an effect as 
shown by comparing the range of compositions among the feldspars and 
micas. Second, the crystal structure can be expected to influence the 
dielectric constant, though this is not obvious from the data reported 
here, as no pairs of samples of the same chemical composition and dif- 
ferent crystal structure are included in the list. Third, the relations of 
the various constituents of the rocks to one another are a potential cause 
of variations in dielectric constant. This relationship may be partly com- 
positional, but is almost certainly structural as well. The dielectric con- 
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stant of a rock is not generally an average of its component constituents 
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Fic. 10. Observed relative dielectric constant at 100 kc 
fraction of air compared to various mixing formulas. 


K K, Kz— Ky 


as a function of the volume 


Curve 1: — = — - (Bottcher, 1952, p. 417) 
3KI K,— 2K 
K.—K K \! . 
2 = (1 j ( ) Bruggeman, 1935 
K2— K, kK, 
3: Logie K = > Vy logio K, (Von Hippel, 1954A, p. 231 


Lichtenecker 


Kis the dielectric constant of the mixture, 


, Originally from 


K, and Ke are the dielectric constants of air and quartz, and V is the volume fraction 


of the quartz. 


constant must be due to the interaction of the separate components pres- 


ent on one another. 


A number of formulas have been proposed to describe the dielectric 
constant of simple mixtures of substances of different dielectric con- 
stant. The predictions of three of these are compared with observed 
values of the dielectric constants of dried sandstones at 100 ke. in Fig. 


10, treating the sandstones as air-quartz mixtures. The lines through the 


observational data are least-squares fits. The slopes except in the case of 


the Bradford, a notoriously dirty sand, are roughly parallel to the pre- 


dicted curves but are in all cases above them. Indeed, most of the sand- 
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stone samples studied had higher dielectric constants than pure quartz, 
even the relatively clay-free Wilcox. 

The failure of mixing rules is even more striking in the case of wet 
samples at low frequencies. Water has a dielectric constant of about. 80 
under room conditions at the frequencies used here. (This is true for 
both pure and salt water, see e.g. Von Hipple 1954B.) Thus, moist rocks 
may have dielectric constants many times those of their separate com- 
ponents. 

Examination of Figs. 4 through 9 will show that only in the case of 
minerals (and not all of them) is the dielectric constant independent -of 
frequency. All rocks and some minerals show an increase in dielectric 
constant with decrease in frequency in the range studied. This is con- 
sistent with the observations of Takubo and Ukai (1954), who observed 
dispersion in the range 50-400 ke. to be related to the purity of the min- 
erals they were testing. One and possibly the principal factor which 
causes this dispersion is the presence of moisture in the pores of the rock. 
When dried and held under vacuum, sandstone samples ceased to exhibit 
appreciable dispersion. Saturation with water caused an increase in di- 
electric constant. The amount of water needed to raise the dielectric 
constant is very small. A dried sample exposed to the air gradually in- 
creases in dielectric constant, presumably by the adsorption of moisture, 
even though the amount of water taken in is too small to measure by 
weighing the sample. A Wilcox sandstone sample which had been ex- 
posed to the air for a long time was put in the sealed dielectric-constant- 
measurement cell, and evacuated for five hours. The dielectric constant 
at 100 cps fell in about an hour from an initial value of 15.6 to an equi- 
librium value of 4.8. On reexposure to the air the dielectric constant 
gradually rose, taking around three hours to return the first third of the 
way toward its original value. Similar experiments with albite and dia- 
base resulted in no drift in the dielectric-constant. 

In the case of the various silica varieties tested, it is reasonable to 
suppose that the larger low-frequency dielectric constants of the chert 
and chalcedony specimens as compared to the intermediate novaculite 
and pegmatitic quartz values and lowest single-crystal value are due to 
the presence of varying amounts of water. Folk and Weaver (1952) have 
shown that the water content of cherts increases going from micro- 
crystalline novaculite to “spongy” chalcedony. 

Increased temperature had a similar effect. Heating a sample of Wil- 


cox sandstone caused a rapid drop in dielectric constant from an initial 
value of 12.9 at room temperature to 5.5 at 100° C., then a slower, small 
decrease to a minimum of 5.1 at 200°, followed by a rise to 7.5 at 300°. 
The initial drop is explainable by loss of adsorbed water. The loss above 

















100° 
repre 
cycle 
tem] 
atom 
has | 
diele 
ture 

TI 
been 
as di 
Eva 
ever 
mat 

H 
uniq 
Mak 
(195 
para 
drat 
forn 
obse 

T 
(186 
of t 
rela 
Ko, 
equ 
Ma 


hav 


whe 


W hi 


an 














SO a ae 








DIELECTRIC BEHAVIOR OF ROCKS AND MINERALS 283 


100° could be merely a time lag in the escape of the moisture, or could 
represent loss of a more tightly held water fraction. The whole heating 
cycle took about three hours. The rise in dielectric constant at the higher 
temperatures is possibly an effect of temperature on the freedom of 
atoms and dipoles to move in an electric field. A similar effect for quartz 
has been.reported by Kiriyama and associates (1955). On cooling the 
dielectric constant fell to a minimum of 4.8 at 80° C. As room tempera- 
ture was approached the rise with water adsorption again began. | 

The dependence on water content of the silica minerals has already 
been pointed out. The variation for minerals such as albite and rocks such 
as diabase (Fig. 6) cannot easily be explained by the presence of water. 
Evacuation did not significantly affect these minerals. Therefore, what- 
ever the causes of the variation, it can occur for dry as well as moist 
materials. 

High values of dielectric constant such as those observed here are not 
unique to this study. Evjen (1948), Fricke (1925, 1926), Dunlap and 
Makower (1945), Koops (1951), Von Hippel (1954B), Lombardini 
1958) and others (see Keller and Licastro 1959) have observed com- 
parable values for sediments in place, biological cell suspensions, dehy- 
drated carrots and ferrites, respectively. These observers assume some 
form of interfacial polarization to be the most likely explanation of their 
observations. 

The problem of mixed dielectrics was originally analyzed by Maxwell 
1892) and extended by Wagner (1913). Consider a dielectric consisting 
of two sheets of materials 1 and 2 (Fig. 11a), each characterized by a 
relative dielectric constant, conductivity, and thickness, Ay, o1, di, and 
Ke, a2, ds, respectively. Such a capacitor may be represented by the 
equivalent circuit shown in Fig. 116. Von Hippel (1954A, 228 ff. after 
Maxwell 1892, Wagner 1924) has shown that a two-layer dielectric be- 
haves as a one-layer dielectric of value: 


K’ 
A =K.(1 ' ) (3) 
1 + w/? 


where A, is the value of dielectric constant at very high frequencies, ¢ 
is the relaxation time, w= 27 times the frequency and 


kK’ = (4) 


where Ko is the static (zero frequency) dielectric constant. From (3) 
ind (4): 








284 B. F. HOWELL, JR. AND P. H. LICASTRO 


In terms of the two-layer capacitor of Fig. 11, Von Hippel has further 
shown that 


| fk, 1 Kz: | 
1/ 
d; +d ai Ky o2 kK, 
Ky = 1 + didss (6). 
d ds d; d : 
Ky Ke oj or 
which reduces to 
K d\o2* + Kodeo;? x 
Ke = (hh a) [ : ] (7) 
o\d2 + ood;)* 


According to this theory, the media d; and d. may be subdivided into 
any number of layers without changing the dielectric response of the 
system, provided the volume ratios of the media are unchanged. Equa- 
tion (7) can be normalized by letting d2 d:= D and o, o2=R, becoming: 


if 
1 DR — 
K 
Ky = K,i(1i+ D 8 
1+ DR)? 
For a maximum or minimum 
dk RK» K, 
= 2Di1+ D = 0 9 
dR DR +1 


The value R= A, Az corresponds to a minimum and R= ~ to a maxi- 
mum. When R becomes large, (8) becomes 


1+ D d,+d 
eo K; = K (10 
D d» 
so that Ko is always greater than Ko. In this case, the largest values of 
Ko are reached for small values of D. Small values of D by themselves 
will not have a strong effect. 
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Fic. 11. Maxwell-Wagner model of two-component dielectric 
(after Von Hippel 1954A 
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What this means is that material 1 must be the more conductive ma- 
terial (preferably strongly so) and the effect is stronger the more plenti- 
ful material 1 is. The increase in dielectric can be visualized as a result 
of an effective decrease in separation of the capacitor plates resulting 
from the presence of conducting material between them. In Fig. 11a it 
is as though the charge was shifted from the upper plate of the capacitor 
to the interface between the layers and the conductive o-layer was 
shorted out. 

By using the above treatment and considering the material to consist 
of conductive grains separated by insulating films, Koops (1951), Fair- 
weather and Frost (1953) and Miles et al. (1957) were able to explain 
both the high values of dielectric constant and the strong dispersion of 
ferrites at low frequencies. 

Unfortunately, this theory will not predict dielectric constants of the 
type observed here because conducting material is not present in suffi- 
cient quantity. If we assume the rock matrix is characterized by pa- 
rameters A»=4.6, g2=10-* mho-meters, and d2=0.99, and the saturat- 
ing fluid by A,=80, o,=1 mho-meter, d;=0.01 (R= 10°, D=99), Ky will 
approximately equal 1.01 Ko. 

The value of the Maxwell-Wagner theory is that it shows what sort of 
process is needed to give a high dielectric constant. We must have some 
mechanism which will permit a high degree of polarization along inter- 
faces near the electrodes, and at the same time will allow free movement 
of charges between these polarization surfaces. 

The fact that water plays such an important role in the process sug- 
gests that electrolytic conduction is involved. The fact that only small 
quantities of water are involved implies that the effect must somehow 
be enhanced over what would occur for an ordinary conductor of the 
type postulated in the Maxwell-Wagner theory. 

Keller and Licastro (1959) have discussed the possible role of clays in 
acting as semi-permeable membranes in producing polarization. If posi- 
tive ions were freer to move than negative ions, then a strong charge 
separation could result. This theory requires the presence of clays in the 
rock. Since dispersion is as great for the relatively pure Wilcox sand as 
for the others, it appears to be inadequate to explain more than a part of 


t 


the observations. 

Electrode polarization could have a similar effect. Electrode polariza- 
tion consists of a charge accumulation along the boundaries of metallic 
and ionic conductors. These interfaces could be either distributed 
throughout the sample or containing it. In order to measure the dielectric 
constant, the sample was placed between metal electrodes and a field ap- 
plied. As current flowed in and out of these electrodes, charges could ac- 








286 B. F. HOWELL, JR. AND P. H. LICASTRO 


cumulate in their vicinity producing an effect similar to the accumula- 


tion of charges on an interface within the material being studied. Such 


electrode polarization, if it existed, would be due to the measuring ap- 
paratus, not to the material alone. . 
Keller and Licastro have rejected electrode polarization as an explana- 
tion of dispersion such as was observed here because the frequency de- 
pendence of the dispersion is not what would be predicted by postulated 
theories of electrode polarization. This is a negative argument. Quanti- 
tatively, electrode polarization can enhance apparent capacity sufh- 
ciently to explain the observed values of dielectric constant, as Keller 
and Licastro pointed out. Therefore, it can not be ruled out as at least a 
part of the explanation. On the other hand, the fact that strong disper- 
sion exists for materials such as chalcedony, where such water as may be 
present is closely confined and is not free to migrate to the electrode sur- 
faces, argues against electrode polarization being the only effect involved. 
It seems more likely that the charge accumulation is a surface effect 
within the rock itself, probably along water covered surfaces. The pres- 
ence of dispersion in such materials as bytownite and albite suggests 
that significant amounts of water are not needed for the effect to occur. 
It may be that defects within the crystal lattice are present in sufficient 
quantity to allow widespread minor polarization of this sort. These de- 
fects could be water inclusions, or they could be smaller irregularities. 


CONCLUSIONS 


From the above discussion it can be concluded that below one mega- 
cycle, the presence of moisture in a rock plays a dominating role in de- 
termining its dielectric constant. A logical explanation of this appears 
to be that some form of interfacial polarization is formed, possibly along 
crystal or rock-fragment boundaries. Dispersion can be caused in open- 
structured porous rocks such as sandstones, or where the water is a more 
integral part of the mineral structure as in the case of chert, chalcedony 
and pegmatitic quartz. Water is probably not necessary for dispersion 
in this range, as the phenomenon was observed for minerals such as by- 
townite as well as for various compact igneous rocks. 

It is probable that the phenomenon observed here is closely related 
to the induced polarization on which one variety of electrical prospecting 
is based (see e.g. Marshall and Madden, 1959). Induced polarization is 
known to be especially prominent in the case of sulfides and of clay bodies 
of certain types. The work reported here indicates that it is a very general 
phenomenon for natural rock formations. Strong dispersion was observed 
even for the “pure” Wilcox sandstone. 


At low frequencies dielectric constant increases with the water con- 
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tent of the rock. The amount of this increase is greater than would be 
predicted by simple mixing formulas which have been proposed in the 
past. This is bound to be the case inasmuch as the dielectric constant of 
many rocks at low frequencies exceeds the dielectric constants of any of 
the components of the rocks. 

A great deal more data on natural rocks needs to be gathered, espe- 
cially at frequencies lower than 50 cps and with 100 per cent water 
saturation. Without such data, perhaps even with it, laboratory deter- 
minations of the dielectric constants of individual minerals, themselves 
much needed, are of little help in predicting the dielectric constants of 
rocks under natural conditions. 


ACKNOWLEDGMENTS 


The research on which this paper is based was supported in part by 
the United States Atomic Energy Commission and by the Magnolia 
Petroleum Company (Socony Mobil Oil Company), whose assistance is 
gratefully acknowledged. The cooperation of Dr. M. L. Keith and other 
members of the staff of The Pennsylvania State University as well as 
Dr. G. V. Keller of the U. S. Geological Survey in obtaining and analyz- 
ing the specimens used is greatly appreciated. 


REFERENCES 


Bates, T. F., GRuver, R. M., anp YustTeEr, S. T. (1947) The Clay Content of Oil Sands 
rhe Pennsylvania State College, M. I. Exp. Sta. T. P. No. 120 

BotTcueR, C. J. F. (1952) Theory of Electric Polarization: Elsevier 

BRUGGEMAN, D. A. G. (1935) Berechnung verschiedener physikalischer Konstanten von 
Heterogenen Substanzen: Ann. Phys. 24(5): 636-679. 

Capy, W. G. (1946) Piezoelectricity: McGraw-Hill. 

DeBye, P. (1912) Einige Resultate einer Kinetischen Theorie der Isolatoren: Physik 
Zeits. 13(3): 97 

DuNnLAP, W. C., AND MAKoweR, B. (1945) Radio Frequency Dielectric Properties of De 
hydrated Carrots: Jour. Phys. Chem. 49: 601-602. 

Evyen, H. M. (1948) Theory and Practice of Low-Frequency Electromagnetic Exploration: 
Geophysics 13: 584-594 

lf AIRWEATHER, A., AND Frost, E. J. (1953) Dielectric Behaviour of Magnesium Ferrites 
Proc. Inst. Elect. Engrs. YOO(ILA): 15-22. 

Foik, R. L., AND WEAVER, C. E. (1952) A Study of the Texture and Composition of Chert 
imer. Journ. Soc. 250: 498-510 

FRICKE, H. (1925) The Capacity of a Suspension of Conducting Membrane for a Current 
of Low Frequency: Phys. Rev. 26: 678-681 

1926) The Electric Capacity of Suspensions with Special Reference to Blood 

Jour. Gen. Physiol. 9: 137-152 

HARTSHORN, L., AND WarpD, H. (1936) Measurement of Permittivity and Power Factor 
of Dielectrics at Frequencies from 10‘ to 10° Cycles per Second: Proc. Inst. El. Eng 
79: 597-609 











Nm 
we 


B. F. HOWELL, JR. AND P. H. LICASTRO 


Hoimes, C. R. (1954) Some Factors Related to the Electrical Properties of Porous Sand- 
stones: Producers Monthly 19(1): 21-27. 
(1958) Dependence of Resistivity of Porous Sandstones on Fluid Distribution: 
Penn. State Univ. Ph.D. Thesis. 
KELLER, G. V., AND Licastro, P. H. (1959) Dielectric Constant and Electrical Resistivity 
of Natural State Cores: U’. S. Geol. Surv. Bull. 1052H: 257-285. 
KirryAMA, R., Ipamoto, H., Koizumi, R., AND KitaGAkI, R. (1955) Dielectric Dispersion 
of Low Quartz: Sci. Rep., no. 4, South College, Osaka Univ. 
Koops, G. C. (1951) On the Dispersion of Resistivity and Dielectric Constant of Some 
Semi-Conductors at Audio Frequencies: Phys. Rev. 83: 121-124. 
KRYNINE, P. D. (1948) Petrology and Genesis of the Third Bradford Sand: Penn State 
Coll. M. I. Exp. Sta. Bull. 29. 
Licastro, P. H. (1959) Dielectric Behavior of Rocks and Minerals: Penn. State Univ. 
Ph.D. Thesis. 
LOMBARDINI, P., AND SCHWARTZ, R. (1958) Ferrites for High-Power R-F Tuning: Elec. 
Mfg. 5 (Aug.) 
MAXWELL, J. C. (1892) A Treatise on Electricity and Magnetism p. 452-461: Dover. 
Mixes, P. A., WestTpHAL, W. B., AND Von Hippet, A. (1957) Ferromagnetic Semi-con 
ductors: Rev. Mod. Phys. 29(3): 279-307 
MARSHALL, D. J., AND Mappen, T. R. (1959) Induced Polarization, a Study of Its Causes 
Geo physics 24: 790-816 
Rao, D. A. A. S. N. (1947) Dielectric Constants of Crystals: Proc. Indian Acad. Sci. 25A: 
408-412 
(1948) Dielectric Anisotropy of Rocks: Proc. Indian Acad. Sci. 283A: 26-29 
1949) Dielectric Constants of Crystals-III: Proc. Indian Acad. Sci. 30A 82-86 
SuiicuTer, L. B., AnD TELKEs, M. (1942) Electrical Properties of Rocks and Minerals 
Geol. Soc. Am. Sp. Paper 36, p. 299-319 
SMITHSONIAN PuysicAL TABLEs (1933) 8th Ed., Smithsonian Inst 
Prakuso, J., AND Ukat, Y. (1954) On the Dielectric Behaviours of Minerals Under the 
Variable Wave Frequencies: Mineralogical Jour. 1(5): 253-274 
, , AND KAkiTaAnt, S. (1953) On the Dielectric Constants of Minerals 
WV ineralogical Jour. 1(1): 3-24. 
Von Hippet, A. R. (1954a) Dielectrics and Waves: Wiley 
(1954B) Dielectric Materials and Applications: Wiley 
Wacner, K. W. (1913) Zur Theorie der Unvollkommenen Dielectrika: Ann. Phys. 40: 
817-855 


(1924) Die Isolierstoffe der Elektrotechnick Springer 


Vanuscript received A pril 7, 1960 


De tne yan anes me 








A 
gregat 


havior 
is obse 
prope 
morill 
tabilit 
mont! 
regule 


ment 


fi 
ethy 
in oO 
ably 
It 
bibe 


min 


0 
greg 


J 


vist 


mic 











THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


IMBIBOMETRY—A NEW METHOD FOR THE 
INVESTIGATION OF CLAYS 
J. Konta, Institute of Petrology, Charles University, 
Prague, Czechoslovakia. 


ABSTRACT. 

A method for rapid identification of clay minerals in natural clays or in artificial ag 
gregates prepared by elutriation and sedimentation of clay particles is described. The be 
havior of a drop of water and a drop of ethylene glycol on the surface of a smoothed section 
is observed. The section is easily prepared on glass- and emery-cloth. The following physical 
properties are decisive: (1) total surface area of the particles, (2) marked swelling of mont 
morillonite and “open,” illite and no swelling of kaolinite and “‘closed”’ illite, (3) small wet 
tability of aggregates of the kaolinite group minerals and greater wettability of illite and 
montmorillonite aggregates. The speed of imbibition of the liquid by the clay aggregate is 
regulated by the absorption equation. The method is explained on the basis of the experi 
mental data, obtained by the investigation of eleven clays from Central Europe. 


ORIGIN AND DEVELOPMENT OF THE METHOD 


The method of observing the behavior of drops of water and of 
ethylene glycol on sections of unconsolidated clay rocks was worked out 
in our laboratory (Konta, 1956). Two polar liquids, differing consider- 
ably in their viscosity, were used. 

It was expected that water and ethylene glycol would be quickly im- 
bibed by the unconsolidated clay rocks, in which the particles of clay 
minerals are large arid thick. The imbibition ought to be slower for ag- 
gregates in which the clay particles are rather small and thin. The less 
viscous water should be imbibed more quickly and cause a greater inter- 
micellar swelling of montmorillonite clays than the more viscous ethylene 
glycol. During the experimental work it was found that in addition to 
the speed of imbibition and the extent of swelling, a further highly im- 
portant diagnostic property of clay aggregates was noted, namely the 
wettability. 

Until now no special name has been given to the new method (Konta, 
1959 a,b). In the present paper there is applied to this new method the 
name of imbibometry. The investigation of water and ethylene glycol 
imbibition on sections of unconsolidated clay aggregates can be quanti- 
tatively measured and is reliable for the rapid identification of clay min- 
erals. Besides, this method has a wider use in the investigation of some 
clay-rock properties which are important in geology and technical prac- 


tice, 


BASIS OF THE METHOD 


The method is based on certain physical properties of clay minerals and 
clay aggregates in the presence of polar liquids. They are: 
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(1) The total surface area of the particles. 

(2) Marked swelling of montmorillonite and ‘‘open’”’ illite and none 

for kaolinite and normal illite. 

(3) Wettability of the aggregates. 

These physical properties become apparent simultaneously during the 
imbibition of a drop of water or a drop of ethylene glycol on sections of 
clay aggregates and therefore it is necessary to observe and record simul- 
taneously the phenomena caused by all three properties. 

The fotal surface area of the clay particles is fully characteristic for 
each chief group of clay minerals and is the chief physical property af- 
fecting the speed of imbibition of a drop of water and of ethylene glycol 
by the surface of the clay sections. Crystals of the kaolinite group min- 
erals, which form the thickest plates of all the clay minerals, have the 
smallest total surface area, usually in several m.* g. up to several tens 
m.” g.; their highest value reaches about 40-60 mg. Minerals of the 
illite group have crystals essentially thinner and a total surface area 
several times larger, usually in many tens m.*/ g. most often from 70 to 
150 m.* g.; and “open”’ illite more than 200 or 300 m.* g. Finally, min- 
erals of the montomorillonite group have the thinnest crystals and their 
total surface area is usually in hundreds m.* g., most often between 500 
m.” and 800 m.*/g. 

The swelling of montmorillonite and of ‘“‘open” illite (van der Marel 
1960) makes possible a quick and easy determination of the presence of 
these minerals in a clay. It is necessary, while applying the imbibomet- 
ric method, to note on the sections of the clay not only the swelling itself 
but also the speed of imbibition (in seconds) and the wettability. 

The wettability of unconsolidated but coherent aggregates of clay min- 
erals represents a very important property and makes it possible to dis- 
tinguish the kaolinite clays from illite and montmorillonite. Kaolinite 
clays have the smallest wettability. On sections of kaolinite, a drop of 
water or ethylene glycol always takes up a relatively small circular area 
(Fig. 1 a,6). On illite (Fig. 1 c,d) or on montmorillonite (Fig. 2) a drop of 
water or ethylene glycol spreads over a considerably larger area. When 
ethylene glycol is used, and in some Cases even with water, characteristic 
small spurs are formed. The imbibition ratio is the area occupied by one 
drop of ethylene glycol divided by the corresponding area for water. This 
ratio is less than 1 for kaolinite, but always above 1 for illite, and espe- 
cially so for montmorillonite. 


MATHEMATICAL EXPRESSION 


The rate of imbibition depends both on the physical properties of the 
clay aggregate and on the character of the liquid. The purity of the 
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Fic. 1. (a) Characteristic small circular areas taken by drops of water and of ethylene 
glycol. Kaolin from Sedlec near Karlovy Vary, western Bohemia. 

b) Silty kaolinite clay from Jarov near Plzen, western Bohemia. 

c) Greater areas taken up by a drop of water and a drop of ethylene glycol, with char 
acteristic small spurs if ethylene glycol is used. Ilite clay from Chlum near Beroun, central 
Bohemia 

d) Greater areas taken up by a drop of water and a drop of ethylene glycol, with char 
acteristic small spurs. Illite clay from Fiizerradvany, Hungary. 


liquid, and the temperature can be controlled, and atmospheric pressure 
should be normal. 

The speed of imbibition of the liquid by the clay aggregate is regulated 
by the absorption equation: 


vhe re: 


‘=the time of the complete imbibition of the liquid in seconds, 

s=the effective surface area of mineral particles (in cm*/cm* of 
the substance), 

n= the viscosity (in poises at 20° C.), 

«=the effective porosity (in %:100), 
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o=the surface tension of the liquid (in dynes/cm?; in the value the 
gravity acceleration is, therefore, included), 

k=the constant including the shape of the particles and the tor- 
tuosity of pores in the clay aggregate (in the majority of clays 
its value remains constant; it depends, however, on the direc- 
tion of imbibition, i.e. whether it is for instance parallel or per- 
pendicular to the lamination of the rock), 

qg/ A=the amount of the liquid (¢ in cm*) sorbed or the area (A, in cm*) 

during a known time. 


An analogous equation has been used to express the sorption property 
of hardened Portland cement paste (Powers and Brownyard, 1948). 





Fic. 2 (a) Swollen areas taken up by a drop of water (right) and ethylene glycol (left) 
Montmorillonite clay from Istenmezé, Hungary. (Sample No. 10 

(b) Swollen area after imbibition of a drop of water (left) and less evident swelling on 
bentonite section if ethylene glycol is used (right). Branany near Most, northern Bohemia. 
Sample No. 9 


From this equation it follows that for the imbibition rate of a known 
constant amount of polar liquid on a known area and under a constant 
temperature and constant conditions of purity of the liquid, as well as 


an unchanging direction of the imbibition, only two properties of clay. 


are decisive, namely, the total surface area of the particles (s) and the 
effective porosity (€). The time of imbibition of the liquid by a clay ag- 
gregate is in direct proportion to the effective surface area of the particles 
and inversely proportional to the effective porosity of this aggregate. 

The effective porosity of the clay aggregate is a further important phys- 
ical property which also has an influence on the imbibition speed of the 
liquids, as follows from the equation given above. In the majority of un- 
consolidated, yet coherent kaolinite and illite clays, the values of the 
effective porosity varies between 25-50%, under laboratory conditions 
of humidity and temperature. In montmorillonite rocks the effective 
porosity is still smaller, usually between 10-20°% under laboratory hu- 
midity and temperature conditions. The experimental work has shown 
that the imbibition speed on the sections of clays of different mineral 
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composition is mainly influenced by the total surface area of the particles, 
which value varies with the chief groups of clay minerals, i.e. kaolinite, 
illite and montmorillonite. The differences in the speed of the imbibition 
of liquids by clays of approximately identical mineral composition and 
of not considerably different values of the total surface area of the 
particles, are mainly caused by differences in effective porosity. 

This important finding is represented by several diagrams drawn up 
on the basis of data obtained from the study of eleven samples of un- 
consolidated clay rocks of different mineral composition. The approxi- 
mate quantitative mineral composition of these rocks had been given 
in the author’s articles (Konta, 1959 a,b). Since the values obtained are 
necessary for the understanding of the following four figures, they will 
be repeated here in the abbreviated form of a triangular diagram 
(Fig. 3). 
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Fic. 3. The approximate semiquantitative mineral composition of eleven clay rocks 
studied. The data were obtained by evaluation of the results of these methods: investiga 
m under polarizing microscope, x-ray analysis, DTA, gravimetric thermal analysis and 
bibometry. The numbers of the points in the triangular diagram correspond to the num 
ers in all other diagrams and tables 
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In Table I, data are given concerning the effective porosity, density 
and the total surface area of the particles of eleven samples investigated. 
The last values have been found by the absorption method according to 
Dyal and Hendricks (1950), namely in all cases with finely powdered 
samples sieved through 200 mesh with aperture of 0.074 mm. 

In Fig. 4 the values of effective porosity expressed in (©;:100)* are 
given. On the horizontal axis, the times during which one drop of water 
is imbibed by the sections are plotted. The times found are related to a 
uniform basic area (cf. Konta, 1959 a,b). The method of calculating of the 
imbibition times are illustrated in Tables II and III. Figure 5 is similar 
to Fig. 4, but for ethylene glycol. Here too, the values of the imbibition 
times have been related to a uniform basic area. 

From Figs. 4 and 5 this main conclusion follows: The effective po- 
rosity has little decisive influence upon the speed of imbibition of water 
and ethylene glycol by the unconsolidated but coherent clay aggregates. 
However, in samples of nearly identical mineral composition, which do 
not differ greatly in the values of the total surface area of the particles, 
the differences in effective porosity have a marked influence upon the 
speed of imbibition. This can be best seen in kaolinite clays. 

In addition to the effective porosity and the total surface area of the 


PaBLe I. ErrectiveE Porosity, DENsITy AND TOTAL SURFACI 
AREA OF ELEVEN CLAY SAMPLES 


Effective Potal Densities Potal 
Sampk porosity suriace ol samples surface 
approxi in dried at) incm.?/cm 
mate data) m.?/g 110° C x 10! 
Kaolinite clays 
1. VonSov-Nova Ves, w. Bohemia 43.8 41.1 2.64 108 . 50 
2. Staré Sedlo near Loket, w. Bohemia 31.5 45.5 2.59 117.85 
3. Sedlec near Karlovy Vary, w. Bohemia 37.0 33.9 2.68 90.85 
4. Jarov, near Plzeh, w. Bohemia w.9 38.5 2.68 156.78 
Illite clays 
5. Chlum, near Beroun, c. Bohemia 33.6 79.3 2.75 218.08 
6. Chlum, centr. Bohemia 35.1 72.7 2.70 196.29 
7. Fiizerradvany, Hungary 44.4 148.8 2.78 413.66 


Clays with predominating montmorillonite and “open” illite 


8. VonSov near Cheb, w. Boh 13.8 358.2 2.83 1013.71 
9. Branany near Most, n. Bohemia ye | 348 .7 y oe 958 .93 
10. Istenmezé, Hungary 19.6 730.0 2.60 1898 .00 
11. Komloska, Hungary 11.4 667 .5 2.80 1869 .00 
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particles, another important factor appears in montmorillonite clays or 
in clays containing the “open” illite, which considerably influences the 
speed of imbibition of the polar liquids into the sections. This important 
factor is the phenomenon of swelling. Especially during imbibometric 
tests with water such a strong swelling takes place, that immediately 
after the contact of water and clay on the surface of a polished section 
the original effective porosity grows several times. This is the cause of a 
considerably quicker imbibition of water than would correspond only to 
the value of the effective porosity of the aggregate and the total surface 
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Fic. 4. Dependence between effective porosity and imbibition speed 


of one drop of water. 


area of the particles (cf. Fig. 4). An especially strong swelling took place 
in both the montmorillonite rocks from Hungarian localities. 

rhe relation between the total surface area of the clay particles and 
the speed of imbibition of water and ethylene glycol are shown in Figs. 
6 and 7. In Table I, in the fourth column are given the values of the total 
surface area of eleven clay rocks investigated, expressed in cm.*?/cm.* of 
the substance X10‘. From these figures this main conclusion follows: 
The speed of imbibition of a drop of water and ethylene glycol by sec- 
tions of unconsolidated clay rocks is chiefly determined by the value of 
the total surface area of the particles. The other physical properties of 
clay particles and their aggregates are of smaller import. This is only 
valid for the use of polar liquids with nonswelling or slightly swelling 
clays. In strongly swelling clays, instead of remaining constant, the ef- 
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TABLE II. CALCULATION OF THE RESULTANT IMBIBITION TIME OF A DROP OF 
WATER AND A Drop oF ETHYLENE GLYCOL ON THE POLISHED SECTION OF 
THE NATURAL KAOLIN FROM SEDLEC NEAR KARLOVY VARY, BOHEMIA 


Real area Recorded 


; Spiers Real area ee 
occupied by imbibition — : Resultant imbibition 
: ‘ ‘ Uniform basic . . , 
a drop, in time, in time, in seconds 
A area 
mm.? seconds 
Water: 
85 
d 85 13 =0.955 0.955X13=12 sec 
89 
102 
102 10 =1.146 1.146K10=11 sec 
89 
91 
91 12 = 1.022 1.022 12=13 sec 
89 
80 
td 80 14 =(). 899 0.899 14=13 sec 
89 
358:4=89 mm.?, is the uniform basic area Average=12 sex 
Et hy lene ( rly col 
’ 26 
56 121 —=1.018 1.018 121=123 sec 
55 
59 
59 134 —=1.073 1.073 134=144 sec 
55 
55 
55 119 — = | =119 sex 
55 
59 
1 59 115 —=1.073 1.073 115=123 sec 
55 
55 
55 139 =] = 139 sec 
55 
53 
53 127 =(0).964 0.964 127 =122 sex 
55 
53 
55 135 =().964 0.964 135=130 sex 
55 
55 
53 133 =().964 0.964 133=128 sec 
55 
443:8=55 mm.?, is the uniform basic area Average = 129 sec 


tive porosity on the surface of the section is increased many times 
with a polar liquid, and hence the liquid imbibes rather quickly. There- 


lore it is nec essary for the determination of the effective surface area of 
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WATER AND A Drop oF ETHYLENE GLYCOL on THE SMOOTHED SECTION OE 
: * : . me 
KAoLINITE CLay FRoM JaRov NEAR PizEx, BOHEMIA 
Real area Recorded . 
é ae Real area a ae , 
occupied by imbibition — : Resultant imbibition 
; . Uniform basic . = 
by a drop, time, in time, in seconds 50 
. > area 
In mm.’ seconds or | 
min 
Water 
ty 
96 ‘ 7 
1 96 16 =1.079 1.079% 16=17 sec | 
S99 } 
* LOW 
95 
t 95 17 = 1.067 1.067 X17=18 sce 
89 
SY 
( 89 17 =] 1X17=17 se mina 
89 
clay 
99 ous ¢ 
1 99 18 =1.112 1.112K18=20 sex 
R9 ' ‘ 
\verage=18 sec crack 
Ethylene Glycol powd 
_ OS - nt ; 
a 68 151 —=1.236 1.236 151=187 sec Case 
5 t 
75 
b 75 111 —=1.364 1.364 111=151 sex Fy 
ah) ' 
- { hicat 
is : 
‘ 78 124 —=].418 1.418 124=176 sec S54 
55 
* ditt 
OS 7 
{ 65 134 —=1.182 1.182 134=158 sec these 
55 
ind 
71 131 —=].29] 1.291 131=169 se $ pl 
55 
72 j hors 
72 120 —=] 309 1.309% 120=157 sec. persi 
Po Pe] 
— place 
77 129 —=1.490 1.400X 129=181 sec. chan 
55 
th 
a e | 
88 131 —=1.600 1.600X 131=210 sec thick 
87 
i 87 121 —=] 582 1.582 121=191 sec 
55 . 
\verage=176 sec rh 
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the particles or of the effective porosity to use nonpolar liquids. For the 
purpose of identification of clay minerals, the procedure of the imbibo- 
metric method here described, has proved to be a fully satisfactory one. 


PREPARATION OF SECTIONS 


The clay is roughly ground by circular movements on glass-paper no. 
50, and then the surface of the section is smoothed on emery-cloth no. 240 
or finer. Thus the preparation of a section requires no more than 2-4 
minutes. By using the same type of emery cloth sections of equal qual- 
ity can be obtained. 

During the preparation of sections it is important to observe the fol- 
lowing rules: 

1) The grinding is always done in dry state. 

2) Sections which should serve for the identification of clay minerals or for the deter 
mination of the relative age of clay rocks are always made parallel to the stratification. In 
clay aggregates without stratification a number of sections should be prepared, and in vari 
ous directions. 

3) On the section or in the area where the liquid is imbibed, there should be no pores or 
cracks visible by eye or by lens 

4) When the grinding is finished it is necessary to remove carefully the loosened clay 
powder on the surface of the polished section by means of a soft brush 

5) The surface of the prepared section is always dull and it should not glisten in any 
case (as required by metallographic microscopy). 


6) The surface of the section must be free from grease. 


For other purposes sections can be made perpendicular to the strati- 
fication, or with varying orientations. 

Smooth sections of sandy or silty-sandy clays are for the most part 
dificult to prepare.. For imbibometric identification of clay minerals in 
these rocks it is necessary to prepare artificial solid plates, by elutriation 
and sedimentation of dispersed particles. The natural sample of the rock 
is pulverized and elutriated in a tall beaker filled with water. After 
thorough stirring and dispersion of clay particles, adding a suitable dis- 
persive solution, the suspension in the beaker is left to settle in a quiet 
place. Care must be taken so that the orientation of clay particles is not 
changed during the drying of the sediment. The dried sediment ready for 
the preparation of the section has the form of a solid disc about 5 to 1 cm. 
thick, 

IMBIBOMETRIC TESTS 
lhe working process during imbibometric tests is quite simple: 
1) The section is fixed on plasticine in a horizontal position 


2) On the surface of the polished section a. drop of water is dropped from a vertically 


held pipette (constant size) from a height of about 4 to 6 mm. Simultaneously, we observe 
1 ascertain: 
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(a) The size and the shape of the area occupied by the drop 

(6) The time during which the drop gets entirely imbibed 

(c) The changes on the surface of the section during the imbibition and mainly after 

the imbibition of the liquid. 

(3) This complex observation must always be carefully registered, and the area in which 
the drop was imbibed, copied on a transparent paper. 

hen the same process is used in the case of a drop of ethylene glycol, which is more 
viscous and is imbibed by all aggregates more slowly than water. It is recommended that 
all the observations be entered in a card index 
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Fic. 8. identification table serving for entering observations obtained 
during the imbibometric tests 


Tue Use oF IMBIBOMETRY FOR IDENTIFICATION OF CLAY MINERALS 


The relation of the size of the area occupied by the drop on the section 
to the speed of imbibition is best evident from the mathematical equa- 
tion previously given. The larger the area occupied by the drop, the 
shorter is the time of imbibition. Every area on the section occupied by 
the drop is carefully traced on a transparent millimeter-lined paper and 
thus its size is ascertained with relative precision. Even quicker is the 
determination of the size of the irregularly shaped area by a suitable 
planimeter. 
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The actual-measured time of a complete imbibition of a drop of water 
and a drop of ethylene glycol has then to be transferred to a uniform 
basic area and the resultant imbibition time is obtained. It is the time 
during which the drop should be imbibed if it occupied on every section 
such an area as it occupies on the section of the natural pure kaolin 
from Sedlec near Karlovy Vary, Bohemia. A drop of water let down from 
the pipette from the height of 4-6 mm. on the natural pure kaolin 
from Sedlec near Karlovy Vary occupies a circular area of average size 
89 mm.” (computed from four measurements). A drop of ethylene glycol 
under the same conditions occupies an area of average size of 55 mm.’ 
(computed from eight measurements). In Table II the manner of calcu- 
lation of the resultant imbibition times for the pure kaolin sample from 
Sedlec is given. In both cases the measured values are related to a uni- 
form basic area for water and ethylene glycol. In Table III the calcula- 
tion for the section of silty kaolinite clay from Jarov near Plzen, Bohemia, 
is given. 

The resultant values giving thé imbibition times are entered in a table 
(Fig. 8). In the upper part of the table the resultant imbibition times of 
a drop of water related to a uniform basic area with regard to the wet- 
tability and to the surface change of the section after imbibition are en- 
tered. In the lower part the corresponding times for ethylene glycol are 
listed. 


ANOMALOUS SHORTENING OR PROLONGATION 
OF THE IMBIBITION TIME 


In some cases the imbibition speed of water and ethylene glycol may 
be essentially shorter or longer than might be expected, considering the 
clay minerals present in the sample. The character of the predominat- 
ing clay mineral can be determined, however, on the basis of mere wetta- 
bility, and swelling or nonswelling of the sample. These properties can 
be recognized on the smoothed section by the different size of the area occu- 
pied by a drop of water or a drop of ethylene glycol, further by a char- 
acteristic contour of the area, and finally by a change of the surface of 
the polished section upon imbibition. 

The shortening of the imbibition time of the liquid which does not cor- 
respond to the size of the effective surface area of the clay particles can 
be the result of different factors. Of these the most important are: 

a) Presence of a greater number of clastic grains. 
Swelling of montmorillonite or of “open” illite. 
Placing drop in the direction of the preferred orientation of the clay particles in 
samples without evident stratification. 
d) - Presence of admixture of carbonate minerals. 
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e) Presence of soluble salts, especially of halite 


f) Formation of cracks on the section during imbibition 


The prolongation of the imbibition time of the liquid is most often in- 
fluenced by: 


g) A greater consolidation of the clay rock and a total porosity under 25 per cent 
h) Presence of finely dispersed organic substance (enlargement of the effective surface 
area). 


It is therefore always important before and in the course of imbibomet- 
ric tests to determine for every rock studied if the imbibition will be in- 
fluenced by some of these factors. The majority of these unfavorable fac- 
tors can be eliminated in imbibometry by the making of artificial solid 
plates of the clay. Thus can be eliminated the factors given above under 
a, c, d, e, and g. 


GENERAL USE OF IMBIBOMETRY 


First, it is possible to identify clay minerals on sections of unconsoli- 
dated but coherent clay aggregates by a drop of water and of ethylene 
glycol. These aggregates can be either natural, or artificial if the natural 
clay is not suitable for the making of the section required. It is further 
possible to determine, imbibometrically, the value of effective porosity, 
if the total surface area of the particles is determined beforehand (e.g., by 
a simple method according to Dyal and Hendricks, 1950). By means of 
imbibometry it is possible in clays to determine the direction of the maxi- 
mum imbibition by making sections of various orientations. Imbibometry 
also quickly reveals the extent of swelling in argillaceous rocks contain- 
ing montmorillonite or ‘“‘open”’ illite. The results are of relative nature 
only when using polar liquids. When using a polar and a nonpolar liquid 
on the same section the results begin to have a quantitative character. 

The imbibometric method can also, in some cases, be applied to prob- 
lems connected with the determination of the relative age of clay rocks 
in a definite uniform geologic area. In clay rocks of relatively earlier geo- 
logic age the suitable liquid will imbibe more slowly than into later rocks 
which in most cases are less consolidated, i.e. of greater total porosity. 
At the same time, the mineral composition of clay rocks must be approxi- 
mately the same. 

On the basis of recent experimental work we can say that in the future 
other liquids, polar and nonpolar, will be used in imbibometry. 


ACKNOWLEDGMENTS 


The author is indebted to Professor R. E. Grim for making changes in 
sentence construction in the preparation of this manuscript. 





Dy 


Ma 


Po 





saeibeae  Aace 


roster. Dc. 


: 
‘ 
& 
| 
4 
é 
§ 
: 
: 








I MBIBOMETRY 303 


REFERENCES 
Dyat, R. S., AnD HENDRICKS, S. B. (1950): Total surface of clays in polar liquids as a char 
acteristic index. Soil Sci.,69, 421-432. . 
Konta, J. (1956): Schnelle petrographische Identifikation der Tonminerale in den An 
schliffen mittels Wasser und Ethylenglykoll. Chemie der Erde, 18, 179-193. 

(1959a); Porosity of clay rocks and their imbibition capacity. Silicates Industriels, 
24, 133-136 (Bruxelles). 

(19596): Porosita a nasikavost nezpevnénych jilovitych hornin. (Porosity and im 
bibition capacity of unconsolidated clay rocks.) Acta Univ. Carolinae, ser. Geologica, 
25-43 (Praha 

MAREL VAN DER, H. W. (1960): Verband tussen het uiterlijk van de kleideeltjes en de 
grondmechanica. LGM Mededelingen, Orgaan van het Laborat. voor Grondmechanica, 
4, p. 1-28. (overdruk 

Powers, T. C., AND BROWNYARD, T. L. (1948): Studies of the physical properties of hard 
ened Portland cement paste. Auth. reprint from Journ. Amer. Concr. Inst., Michigan, 
101-992. (Portland Cement Assoc., Bull. 22, Chicago 











THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


AN ABNORMAL EFFECT IN DIFFERENTIAL THERMAL 
ANALYSIS OF CLAY MINERALS 


W. F. Cote AnD NorMA M. RowLanp, Division of Building 
Research, Commonwealth Scientific and Industrial 
Research Organization, Melbourne, Australia. 


ABSTRACT 

If in differential thermal analysis the differential thermocouple is arranged radially 
through the center of an uncovered cylindrical sample holder, a spurious endothermic 
effect can be produced in the low-temperature region of curves of vermiculite (and of 
montmorillonite) when the amount of sample is reduced below a certain limit. No such peak 
occurs when the sample is covered with a lid or when the differential thermocouple is ar 
ranged along the axis of the sample holder with its bead at the center. The origin of the peak 
is investigated and it is shown how this depends on the experimental conditions and the 
clay mineral structure 


INTRODUCTION 
In differential thermal curves of many samples of vermiculite examined 
at the Division of Building Research an extra low-temperature endo- 
therm has been revealed. Such a peak has also been reported in the 
literature by Mielenz, Schieltz and King (1954). It occurs, in the experi- 


ence of the authors, when the weight of vermiculite in the sample holder ° 


of the differential thermal equipment is reduced below a critical value 
(less than about half that required to fill the holder); it will frequently 
occur in samples of hydrobiotite that are naturally low in vermiculite. 
Since the extra endothermic peak has no counterpart in weight-loss 
curves (Mielenz, Schieltz and King 1954, and Cole, unpublished data 
and can have no structural significance (Walker and Cole 1957), it has 
been of interest to discover why it occurs. 


EXPERIMENTAI 

The following materials were used in the investigation: a vermiculite 
from Valpy Claims, West Suk, South Africa; hydrobiotite from Libby, 
Montana; halloysite from Southern Indiana; sodium montmorillonite 
trom Wyoming; gypsum from Kangaroo Island, South Australia. 

Differential thermal analyses were made with the equipment described 
by Carthew and Cole (1953) in which the differential thermocouple is 
placed radially through the center of the cylindrical sample holder (Fig. 
1A). The sample block is a metal cylinder (originally in stainless steel 
but now in nickel) 12 in. diameter and }§ in. high. In it are drilled four 
flat-bottomed holes 3 in. diameter and 3 in. deep. Two of these holes, 
diametrically opposite each other, are used to hold the sample and refer- 
ence material, respectively. The differential thermocouple wires are 
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Fic. 1. A. Differential thermocouple arranged radially through the center of the cylin- 
lrical sample ‘holder as in the equipment described by Carthew and Cole (1953). 

B. Differential thermocouple arranged along the axis of the cylindrical sample holder 
with its bead at the center as in more conventional units (Mackenzie and Mitchell, 1957) 


Pt Pt.13°)Rh of 0.5 mm. diameter. The sample holder contains about 
0.8 gm. of material when lightly tamped and pressed finger tight. The 
heating rate is controlled at 10° C. per minute and the differential ther- 
mocouple voltage can, after amplification, be recorded at three levels; 
namely 100, 200 or 400 microvolts full scale deflection of the recording 
pen. Most of the present work was carried out on the 100 and 200 micro- 
volt ranges. Analyses were also made with this equipment modified so 
that the differential thermocouple was placed along the axis of the cylin- 
drical sample holder, with its bead at the center (Fig. 1B) as in more 
conventional units (Mackenzie and Mitchell, 1957). It should be noted 
that Carthew and Cole (1953) described their equipment as possessing a 
stainless steel lid to cover the block during analysis so as to screen the 
sample and reference material from direct radiation from the furnace tube 
at high temperatures. However, over the years the use of the lid has been 
discontinued. In this study it has been found that, at low furnace tem- 
peratures, the presence or absence of the lid is important for the effect 
to be described. 


DILUTED SAMPLES 
The effect investigated is illustrated in Fig. 2, which shows differential 
thermal curves produced by varying weights of vermiculite; the differ- 
ential thermocouple being radially arranged and there being no covering 
lid to the sample holder. It is seen that when the weight of vermiculite is 
reduced to 25% of that required to fill the sample holder an inflection at 
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Fic. 2. Differential thermal curves of vermiculite and hydrobiotite produced by the 





equipment described by Carthew and Cole (1953) and run under the following conditions 
A. Vermiculite (0.8 g.) filling the whole of the sample holder 
B. Vermiculite (0.2 g.) mixed with alumina so as to fill the whole of the sample holder 
C. Vermiculite (0.1 g.) mixed with alumina so as to fill the whole of the sample holder 
D. Hydrobiotite (0.8 g.) filling the whole of the sample holder 


about 140° C. (B, Fig. 2) is apparent in the main low-temperature endo- 
therm of the undiluted vermiculite (A, Fig. 2). Dilution to 123% ac- 
centuates the effect (C, Fig. 2). The differential thermal curve of a sample 
of hydrobiotite (D, Fig. 2) demonstrates a similar effect in a sample low 
in vermiculite (the vermiculite: biotite ratio of this sample is 1:3, Cole 
and Hosking, 1957). An extra endothermic peak can also be produced in 
the low-temperature region in samples of sodium montmorillonite (Wy- 
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oming bentonite) by similarly reducing the amount of the sample in the 
sample holder by dilution with inert material; the effect is thus not re- 
stricted to vermiculite. 

The effect is not observed when differential thermal curves of diluted 
vermiculite are made with the sample covered by a lid or with equipment 
in which the differential thermocouple is arranged along the axis of the 
sample holder. 


SAMPLE POSITION AND THERMOCOUPLE ARRANGEMENT 


Since an extra endothermic peak can be induced by dilution of the 
sample for a particular arrangement of the differential thermocouple, it 
seems reasonable to expect that the disposition of the sample with re- 
spect to the thermocouple and the thermocouple arrangement must 
result in different thermal effects at the thermocouple bead. Conse- 
quently, a study was made of the influence on the differential thermal 
curve of placing samples of vermiculite, halloysite and gypsum in sepa- 
rate runs, above and below the differential thermocouple when this was 
arranged radially and along the axis of a cylindrical sample holder. The 


‘results in Fig. 3 show that: 


(1) No matter how the thermocouple is arranged, the peak tempera- 
ture is higher when the sample is below the thermocouple than when it 
is above; the difference is greater for a radial arrangement; 

(2) When the thermocouple is arranged along the axis of the sample 
holder, the peak is sharpest and its area greatest when the sample is 
below the thermocouple; when the thermocouple is arranged radially the 
area of the peak is not greatly dependent upon the position of the sample 
but the peak is sharpest when the sample is placed above the thermo- 
couple; 

(3) When the differential thermal curves of vermiculite made with the 
sample below and above the thermocouple are compounded, an extra 
peak is introduced when the thermocouple is arranged radially (A, Fig. 
3) but not when it is arranged along the axis of the sample holder (B, 
Fig. 3). The origin of distortions in the differential thermal curves of 
halloysite and gypsum, when these are made with the thermocouple ar- 
ranged radially, also becomes apparent from the compounded, curves. 

Observations (1) and (2) have been verified in a further set of experi- 
ments in which the peak area and peak temperature have been measured 
for the two thermocouple arrangements for a small amount of vermicu- 
lite (~0.2 gm.) bounded by alumina and placed at various positions in 
the sample holder, between top and bottom. The results are plotted in 
Fig. 4. Observation (1) above follows from the plot of peak temperature 
against sample position. Observation (2) above follows from the plot of 
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the peak area per unit weight against sample position. It is not clear 

why in Fig. 4 the fesults from position 3 are lower than those from posi- 

tions 2 and 4. This anomaly does not affect the above observations. 
SAMPLE Lip 


It has previously been stated that when the sample is covered by a 
lid the abnormal effect is eliminated. This is because, when a lid is used, 
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Fic. 3. Differential thermal curves of vermiculite, halloysite and gypsum as follows 
A. Differential thermocouple arranged radially through the center of the cylindrical 
sample holder as in Fig. 1A. 
B. Differential thermocouple arranged along the axis of the cylindrical sample holder 
as in Fig. 1B. 


Sample (about 0.2 g.) mixed with alumina to occupy fully the upper half of the 


sample holder (1) 

- Sample (about 0.2 g.) mixed with alumina to occupy fully the lower half of the 
sample holder (2) 
Curve compounded from (1) and (2 

- Sample (about 0.4 g.) mixed with alumina to occupy all the sample holder. 
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there is no longer a difference in temperature between the dehydrations 
of the sample from different parts of the block as was demonstrated to 
exist in Fig. 4 for an uncovered sample holder. This was verified in a 
separate experiment in which, for the radial thermocouple arrangement, 
the presence of a lid resulted in an increase by 30° C. in the temperature 
at which a 0.2 g. sample of vermiculite at the top of the sample holder 
(position 7, Fig. 4) dehydrated endothermically. 


REMARKS 

When in differential thermal analysis the differential thermocouple is 
arranged radially across the center of an uncovered sample holder, an extra 
low-temperature endothermic effect can be produced from clay minerals 
if the weight of a sample component that is undergoing a low-tempera- 
ture endothermic reaction becomes so low that the thermal effects from 
all parts of the sample do not even out at the thermocouple junction. 
Under such conditions, as the furnace temperature is raised the upper 
part of the sample dehydrates first, and this dehydration proceeds to 
completion before the sample in the lower part of the sample holder 
reaches the dehydration temperature. The differential thermocouple 
which has its bead and all its length common to the two halves of the 
sample thus tends to record two separate dehydration reactions. This 
is not the case when the differential thermocouple is arranged along the 
axis of the sample holder, for although the sample dehydrates as before, 
the arrangement of the thermocouple is such that the thermocouple 
records very little of the thermal reactions that take place in the upper 
half of the sample, its bead alone being in contact with this part of the 
sample. These observations imply that conduction of heat along the 
thermocouple wires is an important means of transferring the heat of 
reaction from the sample to the thermocouple bead. They also indicate 
that most of the thermal effect comes from the sample in the immediate 
vicinity of the thermocouple wires. These observations do not appear to 
have been considered in the theory of differential thermal analysis as 
yet, though the transfer of heat from the sample holder to sample (or 
vice versa) by conduction along the thermocouple wires, which results 
in a reduced peak area, has been discussed by Sewell (1955), Boersma 
1955) and de Josselin de Jong (1957) for simplified geometrical arrange- 
ments. The observation that the upper half of the sample is largely 
wasted when the thermocouple is arranged vertically is in agreement 
with de Josselin de Jong’s conclusion that “if the sample height sur- 
passes a certain limit, the surplus of material does not influence the peak 
area, apparently being out of the influence zone of the thermocouple.” 

When the differential thermocouple is arranged radially across the 
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Fic. 4. Effect of the position of the sample in the sample holder on peak area (A) and 
peak temperature (B 
Differential thermocouple arranged radially through the center of the cylindrical 
sample holder as in Fig. 1A 
Differential thermocouple arranged along the axis of the cylindrical sample holder 
as in Fig. 1B 
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center of a covered sample holder no extra low-temperature endothermic 
peak is introduced in the differential thermal curves of diluted samples 
of clay minerals, for the thermal effects from all parts of the sample 
reach the thermocouple junction at nearly the same time. The effect of the 
covering lid is to trap water vapor beneath it in the upper layers of the 
sample, so that a pressure of water vapor is generated which raises the 
dehydration temperature of the upper layers to a value which approaches 
that for the lower layers. 

However, the fact that the effects described here have, for natural clay 
samples, been observed only with vermiculite indicates that it also must 
play a role. In the structure of this mineral the silicate layers are sepa- 
rated by the exchangeable cations which surround themselves by either 
a single or double sheet of water molecules, depending upon the relative 
humidity and temperature of the surrounding air (Walker and Cole 
1957). Should water vapor concentrate within a sample of vermiculite it 
will be absorbed so as either to expand the structure from one possessing 
a single sheet to one possessing a double sheet of water molecules, or to 
increase the number of water molecules in the double sheet structure. 
When the differential thermocouple is arranged radially across the center 
of an uncovered sample holder, water vapor moves upwards to the at- 
mosphere and downwards into the sample as the top layers dehydrate. 
That moving downwards cannot readily escape from the bottom haff of 
the sample holder and produces a broad double endothermic peak (ver- 
miculite sample A, Fig. 3) typical of a well-filled double layer structure. 
The peak from the upper half of the sample is much sharper and is 
typical of a partially-filled double layer or a single layer structure. 
When the differential thermocouple is arranged along the axis of the 
sample holder a sharp peak is produced from both halves of the sample 
since water vapor can readily escape from both regions. When the 
sample is covered by a lid the egress of water vapor is restricted to the 
thermocouple lead-ins, so that more uniform conditions are created 
within the sample holder and both top and bottom halves of the sample 
dehydrate under similar conditions and at similar temperatures. A true 
differential thermal record is then produced for vermiculite (and for 
montmorillonite too since it has a similar structure) with both types of 
differential thermocouple arrangements. Other examples of the impor- 
tance of a lid in modifying differential thermal curves have been dis- 
cussed by Kulp, Wright and Holmes (1949) for rhodochrosite and by 
Rowland and Jonas (1949) for siderite. 

[t should be noted that despite the limitations discussed here, which 
apply only to the low-temperature region, the radial arrangement of 
the differential thermocouple makes more economical use of the sample 
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than the axially arranged one and should possess a higher sensitivity 
despite there being high conduction losses to the inert sample because 
of the short length of connecting wire used. The arrangement also has 
the advantage that the thermocouple beads can be more easily centered 
and this enables a better control of base-line drift. It becomes par- 
ticularly valuable when small weights of sample only are available for 
the sample can (and should) be sandwich packed around the differential 
thermocouple leads so as to produce a maximum, but true, differential 
thermal effect. 
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SOME FACTORS CONCERNING THE NATURE 
AND ORIGIN OF GLAUCONITE 
Joun Hower, Montana State University, Missoula, Montana. 


ABSTRACT 


The compositional variations of glauconite can be related to differences in mixed-iayer 
ing involving “‘illite’ (10 A) and ‘montmorillonite’ (expandable) layers. The interlayer 
cations potassium and rubidium and the octahedral cation iron decrease with increasing 
amounts of expandable layers. Strontium increases rapidly with increasing per cent expand 
able layers and because it is largely exchangeable is assumed to be present in the expand 
able layers as an exchange ion 

The relationships between structure and composition are used to examine Burst’s 
model for glauconitization. Pellets that occur in clean sandstones, limestones and dolomites 
are almost exclusively monomineralic, consisting only of mixed-layer illite/montmorillonite 
with a low per cent expandable layers. Pelléts that occur in argillaceous sandstones and 
marls frequently contain extraneous clay minerals and the illite/montmorillonite contains 
a high per cent expandable layers. Because of the well known observation that glauconite 
forms only at relatively low sedimentation rates it is concluded that the pellets occurring 
in argillaceous sandstones and marls represent less glauconitized material than those pellets 
occurring in clean sandstones, limestones, and dolomites. These observations fit Burst’s 
model for glauconitization which assumes a degraded 2:1 layer-lattice structure as the 
parent material and the glauconitization process as a gradual substitution of iron for alu 
minum in the octahedral positions, a concomitant gradual increase in lattice charge (arising 
from the octahedral layer) and a consequent increase in interlayer potassium which results 
in the collapse of increasingly more layers to the non-expandable 10 A type. It is also 
shown that potassium increases with octahedral charge and is independent of tetrahedral 
charge, a phenomenon predictable from Burst’s model but no other 

Glauconites differ significantly in composition and structure with geologic age. Young 
glauconites are lower in potassium (and thus higher in per cent expandable layers) and 
are more frequently mineralogically heterogeneous than older glauconites. A large part of 
these age differences appears to be explainable on the basis of lithologic association. How 
ever, there is some evidence for late epigenetic gain of potassium. 

Weaver has shown similar differences with geologic age in the clay mineral assemblages 
of shales. Because of this similarity and because a good case can be made for attributing 
most of the variations in the mineralogy of glauconite pellets to diagenetic effects, it is sug 
gested that diagenesis may have played an important role in the formation of the clay 
mineral assemblages of shales. 


INTRODUCTION 


Burst (1958a, 19585) has recently shown that glauconite pellets are 
composed of mineralogically heterogeneous material. He has divided the 
pellets into four classes on the basis of x-ray diffraction data: (1) Ordered 
10 A structures, (2) Disordered 10 A structures, (3) Interlayered struc- 
tures, and (4) Mixed mineral pellets. The first three classes form a series 
of increasing potassium from class (3) to class (1). The fourth class 
includes glauconite pellets composed of more than one clay mineral. No 
relation was found between external morphology and mineralogical com- 
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position. Burst has shown clearly that since some pellets are mineral 
mixtures any interpretation of the chemical composition of glauconite 
must be aided by an x-ray diffraction determination of the mineralogical 
composition. 

Investigations into the origin of glauconite previous to those of Burst 
were greatly handicapped by the lack of x-ray diffraction data. One of 
the major problems concerning the origin of glauconite has been the 
type of starting (parent) material. The conclusions of these previous in- 
vestigations as to the nature of the glauconitization process have been 
colored by what appeared to be the parent material in a particular in- 
stance of glauconite formation. For this reason Galliher (1935, 1939) 
proposed that glauconitization involved the alteration of biotite, the 
chemical changes involved being: (1) oxidation of the iron already pres- 
ent, (2) partial loss of potassium, (3) “hydration,’’ and (4) partial loss of 
aluminum. Takahashi (1929, 1939), on the other hand suggested that the 
parent material for glauconite formation was an amorphous gel: of 
aluminates and silicates. This material, he assumed, was derived from 
a number of preexisting materials such as volcanic glass, mica, clays in 
fecal pellets, feldspar, etc., by hydration and consequent gelatinization. 
Subsequent recrystallization during diagenesis (‘‘submarine metamor- 
phism’’) along with compositional changes give rise to glauconite. The 
composition changes that Takahashi proposed include an increase in 
potassium and iron and a decrease in aluminum. 

The model of glauconitization proposed by Burst assumes that the 
immediate starting material in the formation of glauconite can be any 
degraded (expandable) layer lattice mineral. The process of glauconitiza- 
tion according to this model consists of absorption of potassium and iron 
by the degraded layer lattice material under the proper environmental 
conditions. This model fits the known data on glauconites better than 
any previously proposed. The main purpose of the present study was to 
attempt to test the model for glauconitization with data supplementary 
to that provided by Burst. An additional purpose was to relate the com- 
positional and structural variations in glauconite that are of interest to 
the use of this material in the radioactive dating of sedimentary rocks. 

EXPERIMENTAL METHODS 
X-ray Diffraction Determinations 

Oriented specimens of the glauconites were prepared for the x-ray 
diffraction determinations. A sample was first disaggregated in distilled 
water, either by grinding or ultrasonics, and the suspension was then 
centrifuged through a porous porcelain plate. This technique was de- 
vised by Kinter and Diamond (1956). 
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The type and extent of interlayering was determined from diffraction 
patterns of treated samples. Patterns were obtained on untreated, glycol 
solvated, and potassium-treated (with a 1N KCl solution) samples. Most 
of the samples were also run after heat treatments in the range 500 
600° C. for a period of 4 hour in order to detect the presence of chlorite 
layers. The per cent expandable layers was determined from the position 
of the combined 001/001 reflection following glycol solvation and also 
following potassium treatment. The per cent expandable layers was read 
from the curves of Brown and MacEwan (1951) and Weaver (1956) re- 
lating d-spacing to amount and type of interlayering, and is reported to 
the nearest five per cent. 

Randomly oriented x-ray diffraction patterns were run on a number 
of glauconites to determine polymorphic type. 


Chemical Analyses 


Potassium was determined flame photometrically with a Perkin-Elmer 
instrument using lithium as the internal standard. The samples were 
taken into solution using a HF-HCIO, attack. The standard deviation of 
the determinations is +three per cent of the amount present. 

Strontium and rubidium were determined x-ray spectrographically 
using the method described by Hower (1959). Standards were prepared 
by mixing carbonates of Rb and Sr with Al,O;. Arsenic was used as the 
internal standard. The precision of trace element x-ray spectrographic 
techniques is best expressed in terms of absolute amount. The standard 
deviation of the Sr and Rb determinations is about +5 ppm. Therefore, 
the relative precision of the determination of Sr in some glauconites is 
quite poor. 

Iron was determined for a few samples by a semi-quantitative x-ray 
spectrographic method. A one point working curve was constructed 
using an analyzed sample (the Bashi fm.) as the known point. The slope 
of the working curve was adjusted by calculating absorption coefficients 
for six additional analyzed glauconites relative to the Bashi sample. The 
standard deviation of the determinations is +2 per cent of the amount 
present. The accuracy is thought to be within +10 per cent. Iron is 
reported as FeoQs. 

RESULTS AND DiscussION 
Relationship Between Glauconite Composition and Structure 

\s discussed in the previous section, the method of sample prepara- 
tion for x-ray diffraction determinations was different from that em- 
ployed by Burst (1958a, 19585). The more vigorous orientation tech- 
nique results in a lack of patterns showing the 448 A peak exhibited by 
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Burst’s “disordered” type of glauconite. A comparison of the results of 
both methods can be briefly made as follows. All glauconites are inter- 
layered to a certain extent. The interlayering is almost exclusively be- 
tween expandable (montmorillonitic) layers and non-expandable 10 A 
layers. Patterns obtained from:glycolated, potassium-treated, and heat- 
treated samples show no appreciable amount of chlorite or vermiculite 
layers in any glauconite. Burst (personal communication, 1960) has 
detected chlorite in some glauconites and has pointed out that the heat 
treatment used in this study would destroy some sedimentary chlorites. 
Glauconites exhibit a continuous series from <5 per cent to approxi- 
mately 40 per cent expandable layers. A comparison with Burst’s first 
three classes can be related to the amount of expandable layers. An ap- 
proximate comparison is that ‘‘ordered”’ glauconites contain <10 per 
cent expandable layers, ‘‘disordered”’ glauconites 10-20 per cent expand- 
able layers, and “‘interlayered” glauconites >20 per cent expandable 
lavers. Figure 1 shows the diffraction patterns of glauconites that cover 
the range from <5 per cent to approximately 30 per cent expandable 
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Fic. 1. Examples of monominerallic glauconite pellets composed of mixed-layer illite 


montmorillonite. The samples are glycol solvated. (upper left) Tonto Fm., Cambrian, 5% 
expandable layers, 6.7% K; (upper right) Bonne Terre Fm.,, Cambrian, 10% expandable 


layers, 6.9% K; (lower left) Gros Ventre Fm., Cambrian, 15% expandable layers; (lower " 


right) Colorado shale, Cretaceous, 25% expandable layers, 4.2% K 
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Fic. 2. The relationship between weight per cent potassium and per cent expandable 
layers in monominerallic mixed-layered illite/montmorillonite glauconite pellets. 


Randomly oriented diffraction patterns gave the same results as those 
reported by Burst (19586). Glauconites with a low per cent of expandable 
layers are the 1M polymorph; glauconites with a high per cent of ex- 
pandable layers are the 1Md polymorph. 

Table IL is a summary of the structural and some of the compositional 
data on glauconites for which x-ray diffraction data are available. A por- 
tion of the diffraction data was obtained during the present study. The 
remaining diffraction data were obtained from Burst (1958a, 19586) and 
Warshaw (1957). The sources for data of all types are noted in the table. 
The values reported of per cent expandable layers from the Burst sources 
were roughly estimated from his patterns of untreated samples. None of 
these estimated values are used in the plots relating compositional and 
structural changes which follow. 

lhe samples are listed in Table I in order of increasing amounts of 
expandable layers. Some relationships between structure and chemical 
composition can be noted. Potassium decreases with increasing per cent 
expandable layers. This is the same trend noted by Burst for his first 
three classes. Figure 2 is a plot.of weight per cent potassium against per 
cent expandable layers for glauconites that are not clay mineral mixtures. 

rhe plot indicates a continuous series in glauconites that covers a wide 


range of potassium content. 


Other elemental variations can be related, at least in part, to struc- 
ral variations. Figure 3 is a plot of strontium against per cent expand- 
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able layers for glauconites which are not clay mineral mixtures and con- 
tain no detectable calcite. The strong positive correlation suggests that 
Sr is an exchange ion present in the expandable layers. Table II compares 
the Sr contents of glauconites that have been treated with a one normal 
NH,Ac solution with untreated samples. It is apparent that most of the 
Sr in these glauconites is easily exchangeable. The conclusion is that most 
of the Sr present in glauconite pellets is indigenous to the glauconite and 
is adsorbed on the basal plane surfaces of the expandable layers. This 
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Fic. 3. The relationship between strontium and per cent ex 


pandable lay ers in carbonate-free glauconite pellets 


conclusion differs from that of Herzog et al (1958), who determined Sr in 
glauconites in the course of Sr’ Rb dating studies, and attributed the 
strontium variations in glauconite wholly to calcite contamination. Their 
HC] treatment to remove calcite would also remove exchangeable Sr 
held by the glauconite. However, addition of “*common”’ Sr to glauconite 
samples by calcite contamination could undoubtedly be significant for 
glauconites that are intrinsically very low in Sr. An example is sample 
number 8 in Table I (Mt. Whyte Fm.) which contains only 10 per cent 
expandable layers and 116 ppm. Sr. Calcite is readily detectable in this 
sample by x-ray diffraction. 

Rubidium decreases roughly with increasing amounts of expandable 
layers (Fig. 4). Rubidium does not decrease as rapidly as potassium, 
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Fic. 4. The relationship between rubidium and per cent ex 
pandable layers in glauconite pellets 


probably because it is preferentially adsorbed in the expandable layers. 
On the basis of the most limited data shown in Table II, the Rb is non- 
exchangeable. Most of the Rb is undoubtedly held in the non-expandable 
layers. 

Potassium, rubidium, and strontium are interlayer cations in glau- 
conite and would thus be expected to show some relationship with the 
per cent expandable layers. Iron is octahedrally coordinated in the 


PasLe If. Errect or NH,Ac TREATMENT ON THE STRONTIUM CONTENT OF GLAUCONITES 





or Sr Rb 
© 
Sample Expand NH, . NH, 
able Untreated Untreated 
treated treated 
lonto Fm  — ~ 10 ~10 310 295 
Birkmose Fm 5 20 ~10 290 
Bashi Fm 10 40 ~10 290 
j Franconia Fm 10 ~ 15 ~10 265 265 
Gros Ventre Fm 15 25 ~10 275 
Colorado Fm 25 100 25 320 330 
Sundance Fm. 30 115 40 245 235 
Moody’s Branch Fm 30 170 60 145 150 
Kyram Fm 40 245 25 165 175 
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glauconite structure and would therefore not necessarily show. any rela 
tion with the nature of inter-layering. Figure 5 is a plot of total iron, 
reported as Fe2O;, against per cent expandable layers. There appears to 
be a rough correlation, the possible significance of which will be dis 
cussed in a later section. 
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Fic. 5. The relationship between total iron as Fe2O; and per 
cent expandable layers in glauconite petlets 


RELATION BETWEEN LITHOLOGIC TYPE OF ENCLOSING 
SEDIMENT AND GLAUCONITE STRUCTURE 


Warshaw (1957) has pointed out a relationship between glauconite 
structure and the lithologic nature of the rock type in which the pellets 
occur. For twelve occurrences she found the following relationships: 
Glauconites equivalent to Burst’s “ordered” and, in part, “disordered” 
type occurred in a dolomite, a chert, and sandstones in which the detrital 
grains are mostly quartz, quartzite, or chert and the cement is silica 
and/or carbonates; glauconites of Burst’s ‘disordered”’ type occurred in 
a subarkosic sandstone and a bentonitic shale; “mixed-layer’’ type 
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glauconites occurred in sandstones containing large amounts of feldspar, 
clay minerals other than glauconite, and mica. 

Included in Table I is, when known, the general nature of the litho- 
logic type of the enclosing sediment in which the glauconite sample oc- 
curs. The lithologic description is generalized and simplified—it is hoped 
not oversimplified. Table III is a summary of these data, dividing glau- 
conites into two, groups, those with <10 per cent expandable layers and 
those with >15 per cent expandable layers. Glauconites with <10 per 
cent expandable layers occur predominantly in non-argillaceous quartz- 
ose sandstones and “normal” carbonate rocks (limestones and dolo- 
mites). Glauconites with >15 per cent expandable layers occur pre- 
dominantly in argillaceous sandstones and marls. 

THE ORIGIN OF GLAUCONITE 

Burst -(1958a, 19586) has proposed, on the basis of his investigations; 
a model for the origin.of glauconite that ‘reconciles many of the older 
proposals. He suggests that the process of glauconitization requires 
simply (1) a degraded silicate layer lattice, (2) a plentiful supply of iron 
and potassium, and (3) a suitable redox potential. The redox potential 
is frequently supplied by a locally reducing environment associated with 
decaying organic matter, in a generally oxidizing environment. The 
locally reducing environment can be present in fecal pellets, inside fo- 
raminiferal tests, etc., hence the frequent glauconitization of these ma- 
terials. Other factors, such as sedimentation rate, water temperature, 
water depth and parent material can have an influence on the specific 
nature (type) of glauconite that forms. Burst further suggests that the 
chemical changes involved in glauconitization are “‘the adjustment by 


absorbing iron and potassium into... impoverished clay lattices in 
amounts controlled, in part, by the surrounding sea-water chemis- 
try....’’ By impoverished is meant degraded; that is, a layer-lattice 


structure consisting largely or wholly of loosely bonded (expandable) 
layers. This expandable material could also include the montmoril- 
lonoids as well as degraded originally non-expandable layer-lattices. Pre- 
sumably, given the proper chemical conditions and enough time the ma- 
terial would approach the composition and structure of Burst’s ‘‘mineral 
glauconite.’’ Burst has ‘defined the “‘mineral glauconite” on the basis of 
his “ordered” glauconites—those which have few expandable layers, 
ordered stacking, and are high in potassium. 

The data reported in previous sections can be profitably used to test 
the model for glauconitization proposed by Burst. First, however, it 
would be well to attempt to describe the mechanism of chemical change 
in more detail, The ‘absorption of potassium and iron” would involve 
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TasBie III. RELATION BETWEEN GLAUCONITE STRUCTURE AND 
LiTHOLOGIC TYPE OF ENCLOSING SEDIMENT 


Sample Age Lithology 


a. Glauconites with <10 per cent expandable layers 
Tonto Fm Cambrian clean quartzose s 
Birkmose Mem Cambrian clean quartzose 
Reno Mem. Cambrian clean quartzose s: 
Park Fm Cambrian clean quartzose 
Mahele Fm Paleocene clean quartzose ss 
Mt. Whyte Fm Cambrian calcareous ss 
Stenbrottet Is Ordovician limestone 
San Saba Mem Cambrian limestone 
Cyner Fm Ordovician dolomite 
Bonne Terre Fm Cambrian dolomite 
Vidono Fm Cretaceous chert 
Bashi Fm Eocene marl 


b. Glauconites with 215 percent expandable layers 


Lion Mt. Mem 


‘ambrian limestone 
Gros Ventre Fm ‘ambrian argillaceous ss 
Murray sh ‘ambrian argillaceous ss 


Carlisle Cent. Fm evonian argillaceous silt 


Warshaw #9 
Domengine Fm 


‘retaceous argillaceous felds. ss 
Socene argillaceous felds. ss 


Colorado Fm ‘retaceous argillaceous ss 


( 
( 
( 
I 
lemblador Fm Cretaceous argillaceous ss 
( 
I 
( 
( 


Panoche Fm “‘retacoeus argillaceous ss 
Ripley Fm Cretaceous calc. argillaceous ss 
Reklaw Fm Eocene argillaceous ss 
Sundance Fm Jurassic argillaceous s 
Winona Fm Eocene argillaceous 
Weches Fm Eocene argillaceous ; 
Navesink Fm Cretaceous marl 

Wilcox Fm Eocene marl 

Burditt Marl Cretaceous marl 

Carrizo Fm Eocene marl 

Prairie Bluff Fm Cretaceous marl 

Moody’s Branch Fm Eocene marl 
Mathews Ldg Paleocene marl 

Byram Fm. Oligocene marl 
Martinez Fm Paleocene felds. ss 
Morrow Fm Pennsylvanian arenaceous sh 
Matalani Fm Eocene chert 
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the adsorption and ’subsequent fixation of these ions in the lattice and the 
simultaneous release of other ions that were either exchanged on or 
fixed in the lattice of the parent material. During the glauconitization 
process iron would have to make its way into the octahedral layer of the 
parent layer lattice mineral, where it would commonly take the place of 
aluminum. The replacement mechanism would most easily be accom- 
plished in parent material of a degraded nature consisting largely of ex- 
pandable layers—the parent material suggested by Burst. The iron ions 
could migrate into the expandable layers, be adsorbed there, and even- 
tually diffuse into the octahedral layer, replacing aluminum ions. Most 
likely the rate of supply of iron ions would not be high considering the 
low concentration of soluble iron compounds in the ocean. Also, the re- 
placement process would probably be slow. Once the material being 
glauconitized was buried very far below the sediment-sea water inter- 
face (where the proper chemical environment is present) the process 
would stop. 

A few observations can now be made relating this proposed mechanism 
of glauconitization to the known facts of glauconite formation. 

A low or negative sedimentation rate has been recognized as a cgndi- 
tion necessary for the formation of glauconite (Cloud, 1955). If the rate 
of sedimentation is too high, glauconite does not form. In terms of the 
proposed model this means that the rate of supply of degraded argil- 
laceous material must be low and that the material being glauconitized 
would remain at the sediment-sea water interface a long time. There 
would, of course, be a range of sedimentation rates—other factors being 
constant—-over which glauconite could form. The glauconitization proc- 
ess would not proceed as far when the sedimentation rate was at the 
high end of the range as toward the lower. Therefore, the glauconitiza- 
tion process under more rapid sedimentation would be arrested some- 
where along the series “degraded layer lattice mineral’’—‘‘mineral 
glauconite.”’ This is here proposed as the reason for the relationship be- 
tween glauconite structure and lithologic type of the enclosing sediment 


shown in- Table III. Glauconites containing >15 per cent expandable 


layers are found dominantly in argillaceous sandstones and marls in 
which the rate of supply of argillaceous material is high. In contrast, 
glauconites with <10 per cent expandable layers occur dominantly in 
clean quartzose sandstones and normal carbonate rocks in which the 
rate of supply of argillaceous material is low. 

Burst (19585) has shown a similar effect of sedimentation rate on the 
glauconite type that forms. In a group of glauconites he has studied from 
the Tertiary, glauconites occurring at unconformities approach his ‘‘or- 
dered” type in contrast to glauconites occurring in conformable sedi- 
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ments that tend to be of his ‘‘disordered”’ and “‘interlayered”’ types. Pre- 
sumably the glauconites occurring at unconformities had a longer time 
to approach the ordered potassium-rich (low per cent expandable layers 
end product and remained near the sediment-sea water interface longer. 

Since the rate of formation of glauconite is slow, it can be concluded 
that degraded or expandable material with a high lattice charge would 
probably not be easily glauconitized. Weaver (1958c) has shown that 
such material rapidly adsorbs potassium from sea water and collapses to a 
non-expandable lattice. Once the layers collapse it would be difficult for 
iron to make its way into the octahedral layers and glauconitization 
would proceed only slowly, if at all. Therefore, if the parent material for 
glauconite formation is a degraded layer lattice mineral, its susceptibility 
to glauconitization should be greatly enhanced if the lattice charge were 
relatively low. This means, then, an increase in net lattice charge and 
therefore a consequent increase in the number of interlayer cations 
(mainly potassium) as glauconitization proceeds. This fits the model sug- 
gested by Burst. If this model is at least approximately correct, potas- 
sium and iron should be directly proportional to each other and both 
should be inversely proportional to the per cent expandable layers. The 
model, however, does not require a one to one correlation between the 
parameters. It means only that potassium (which depends on net lattice 
charge) and iron increase—though not necessarily at the same rate 
together during glauconitization. Figure 5, presented previously with- 
out a suggested explanation, shows that iron is roughly inversely pro- 
portional to per cent expandable layers. Figure 6 shows that iron is pro- 
portional to potassium. These relationships conform with the predictions 
made above and based on Burst’s model for glauconitization. These re- 
lationships would not be predicted by other proposed mechanisms of 
glauconitization such as crystallization from amorphous material or the 
alteration of biotite. 

Another question which arises is that of the structural position of the 
increase in net lattice charge during glauconitization. Again following 
the proposed model, one would conclude that the increase in charge 
takes place in the octahedral layer—for it is in this layer that extensive 
ionic substitution takes place. It is also possible, of course, that some 
substitution takes place in the tetrahedral layer—of iron for aluminum 
or silicon—as suggested by Hoebeke and Dekeyser (1955). However, the 
presence of iron in tetrahedral coordination has yet to be proved (War- 
shaw, 1957). Assuming that the increase in net charge takes place by 
substitutions in the octahedral layer, it can be predicted that the total 
number of interlayer cations would increase with the net octahedral 
charge and that no specific relationship would be expected between the 
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number of interlayer cations and the net tetrahedral charge. Figures 7 
and 8 indicate a confirmation of this prediction. Figure 7 shows an in- 
crease in potassium with increasing octahedral charge. Figure 8 shows no 
obvious relationship between potassium and tetrahedral charge. The 
data plotted in these figures were obtained from structural formulas cal- 
culated by Hendricks and Ross (1941), Burst (1958) and Warshaw 
(1957). The relationships are somewhat open to question for they may 
result, in part, from the method of calculation of a structural formula. 





«K 


Percent 








i 1 


a) ‘Ss 
Total Fe as Fe,0O, 





Fic. 6. The relationship between potassium and iron in glauconite pellets. 


However, if the structural formulas are close to reality, the relationships 
are valid. Another feature that suggests that the increase in lattice charge 
is predominantly in the octahedral layer is that the mean octahedral 
charge (—0,92) in glauconite is higher than for any other 2:1 clay min- 
eral. 

To summarize, the data reported in the previous section lend support 
to Burst’s model for glauconitization. The model is as follows: (1) the 
parent material can be any degraded 2:1 layer lattice mineral (except 
those with a high net lattice charge); (2) the material must be subjected 
to: locally reducing conditions in a generally oxidizing environment 
this usually occurs in fecal pellets, foraminiferal fillings, etc.; (3) an 
abundant supply of K and Fe must be present. This condition is met in 
the marine environment and not in fresh water environments; (4) glau- 
conitization proceeds by the slow substitution of iron in the octahedral 











328 JOHN HOWER 














° 
oo} 
Po? 
ors 
vu 
a> 
2 Oo 
<= 
j 
_ OS 
Q 
.) ° ” 
. 
2 
2 . 
¥ 
2 
OG 
+ a 
1 is 
0 80 4/00 120 #0 60 
AK 


Fic. 7. The relationship between net octahedral charge and the number 


of potassium ions per unit cell in glauconites 


layer, usually displacing aluminum. Along with this substitution there 
is a gradual increase in the lattice charge with the consequent uptake of 
more potassium and the eventual collapse of increasing amounts of layers 
to 10 A. The end product is high in iron and potassium and the structure 
consists mainly of non-expandable 10 A layers. 
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Other factors such as temperature and sedimentation rate will control 
the rate of the chemical reactions and also determine how far the reac- 
tion proceeds before it is stopped. This gives rise to the serial relation in 
composition and structure found in glauconites. One end of this series 
approaches a 2:1 layer lattice low in iron and potassium and high in 
aluminum and has a high percentage of expandable layers; the other end 
reaches the ‘‘mineral glauconite” which is high in iron and potassium, 
low in aluminum, and has a low percentage of expandable layers. 


VARIATIONS IN GLAUCONITE STRUCTURE AND 
COMPOSITION WITH GEOLOGIC TIME 
Several writers (Warshaw, 1957, Conway, 1942, and Smulikowski, 
1954) have commented on the variations of glauconite composition with 
geologic times. Warshaw found no apparent changes. However, both 
Conway and Smulikowski noted a potassium “deficiency” in Tertiary 
TABLE IV. SUMMARY OF THE STRUCTURE AND COMPOSITION OF 
GLAUCONITES OF DIFFERENT GEOLOGIC AGES 


Per cent expandable . 
I Per cent K 


Geologic No. of layers No. of 
age samples - K Anal, 
Mean Range Mean Range 
Early Paleozoic 14 <10 < 5-15 6.1 4.9-6.9 11 
Late Paleozoic 17 ~20 10-30 4.8 3.3-6.2 8 


and Mesozoic 
Cenozoic 19 ~ 


Nm 
wa 


10—40 4.3 2.3-6.2 9 


and Recent glauconites. Table IV is a summary taken from the data in 
Table I, of the means and ranges of per cent expandable layers and per 
cent potassium for different portions of geologic time. The potassium 
analyses are reported only for non-mixed-mineral glauconites. Quite ap- 
parent differences in structure and composition occur between Early 
Paleozoic (Cambrian through Devonian) and all younger glauconites. 
Glauconites younger than Devonian average considerably less potassium 
and consequently have a more expandable structure. These data sub- 
stantiate a potassium “deficiency” in young glauconites. Both Conway 
and Smulikowski have proposed explanations for this potassium defi- 
ciency. Smulikowski interprets it as the result of changes in the chem- 
ical environment of the ocean; Conway further proposes that this dif- 
ference in environment is a result of a potassium deficiency in Tertiary 
and Recent seas. There is, however, an alternate, simpler, explanation 
based on the relationship between glauconite type and lithology of the 
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enclosing sediment, pointed out in a previous section. Most Early Paleo- 
zoic glauconites that have been sampled occur in orthoquartzites and 
normal carbonate rocks; most Mesozoic and younger glauconites occur 
in argillaceous sandstones and marls. Hence the structural and composi- 
tional relationship with geologic time. 

Even though the relationship between glauconite structure and com- 
position and lithologic type seems to provide an adequate explanation 
for the potassium deficiency in young glauconites, the possibility of epi- 
genetic gain of some potassium in Lower Paleozoic glauconites cannot be 
excluded. Some data indicate the possibility of epigenetic gain of potas- 
sium: (1) Four of the eleven Lower Paleozoic glauconites analyzed 
for potassium are higher in potassium than any younger glauconite; 


(2) Three Lower Paleozoic glauconites were sampled from argillaceous 


TABLE V. FREQUENCY OF OCCURRENCE OF MIXED-MINERAI 
GLAUCONITES AS RELATED TO GEOLOGIC AGE 


. , ; . No. of Mixed Lithologic 
Geologic No. of Samples ° . I requency a S 
Mineral Glauc lypes 

Lower Paleozoic 14 1 0.07 arg. ss 
Upper Paleoaoic 23 8 0.35 4 arg. ss 
and Younger 4 marls 


sandstones (sample numbers 14, 16, and 17), and have the least amount 
of expandable layers (15 per cent) of all glauconites occurring in argilla- 
ceous sandstone. 

Another interesting mineralogical feature of glauconites is the fre- 
quency of occurrence of the ‘*‘mixed-mineral”’ type of glauconite pellets 
(Burst’s type four) in different portions of geologic time. Table V is a 
summary of the known data from Lower Paleozoic and from Upper 
Paleozoic (Mississippian on up) and younger glauconites. The frequency 
of occurrence of mixed mineral glauconites in Lower Paleozoic glauco- 
nites is strikingly lower than the frequency in younger glauconites. As- 
suming a x* distribution, this has one degree of freedom and x?= 3.94 
and a relationship can be rejected at the 0.05 level. 

Kaolinite and chlorite appear to be the usual extraneous clay minerals 
present in glauconite pellets (Burst, 1958a). However, it is possible that 
many glauconites contain illite as a “‘contaminant.”’ The structure of il- 
lite is the same as that of glauconite, hence the detection of illite con- 
tamination is difficult or impossible. It is possible that some “‘aluminous”’ 
glauconites with a low per cent of expandable layers are actually illite con- 
taminated. On the other hand, it can be pointed out that the relationship 
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between the iron and aluminum content of glauconite and the per cent 
expandable layers indicates that the effect of illite contamination, if 
any, is masked. 

Though the data are limited, it can be seen from Table V that, as with 
the variability in per cent expandable layers, the occurrence of mixed- 
mineral pellets appears to be related to the lithologic type of the enclosing 
sediment. All the mixed-mineral glauconites occur either in argillaceous 
sandstones or marls. No mixed-mineral pellets have been found to occur 
in orthoquartzites or normal carbonate rocks. Also, extraneous clay 
minerals occur only in pellets in which the interlayered illite-mont- 
morillonite-type structure contains >15 per cent expandable layers. 
The relationship could be explained in two possible ways: (1) The mixed- 
mineral pellets were formed from a different (more heterogenous) source 
material from non-mixed-mineral pellets; (2) The extraneous clay min- 
erals are eliminated in some manner during the glauconitization process, 
leaving a simpler mineralogy. It would also seem likely, because of their 
sympathetic variation, that the differences in interlayering and the 
presence or absence of extraneous clay minerals have a common cause. 

The problem of the variations in the chemical composition and struc- 
ture of glauconite pellets with geologic age is a very interesting one, 
especially in the light of the fact that the temporal variations are very 
similar to the changes that have been found for clay mineral assemblages 
in shales. Weaver (1958a@) has shown abundant evidence indicating that 
a change in the clay mineral composition of shales takes place within 
the Mississippian Period. Illite is the dominant clay mineral of pre- 
Upper Mississippian sediments. Post-Lower Mississippian clay mineral 
assemblages tend to be more complex; illite is less abundant and kao- 
linite and expandable clays (including mixed-layer illite’ montmorillo- 
nite) are more abundant. 

The relation between the clay mineralogy of glauconite pellets and 
geologic age is as follows. The clay mineral assemblages of glauconite 
pellets in the Lower Paleozoic are almost always monomineralic inter- 
layered illite-montmorillonite structure averaging less than 10 per cent 
expandable layers. The mineralogy of Upper Paleozoic and younger 
glauconite pellets is more complex in that the pellets frequently contain 
extraneous clay minerals and significantly more expandable material 
(20-25 per cent). A summary of the comparison of clay mineral suites 
and glauconite pellet mineralogy of different geologic ages is shown in 
Table VI. 

Weaver (19585) has shown quite convincingly that the clay mineral 
composition of Recent sediments strongly reflects the source material. 
He has further argued that this relationship can be applied to all sedi- 
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ments since the beginning of the Paleozoic. In other words, he has con- 
cluded that clay- minerals have a detrital origin and owe little of their 
character to diagenetic changes. The chemical changes that Weaver 
agrees can take place involve only the interlayer cations and not the 
ions present in the basic lattice-—those in octahedral and tetrahedral 
coordination. 

Weaver (19584) has also concluded that source material determines 
the mineralogical character of glauconite pellets. It cannot be denied 
that the mineralogical character of glauconite pellets reflects, in part, 
the source material. For example, it seems quite certain that the tetra- 


TABLE VI. COMPARISON OF THE MINERALOGY CF GLAUCONITE PELLETS AND THE CLAY 
MINERAL ASSEMBLAGES OF SHALES OF DIFFERENT GEOLOGIC AGES 


Abundance of Expandable Material Complexity of Clay Mineral Assemblage 
Geologic 
Age Clay Mineral : Clay Mineral 
= p Glauconite Pellets , Glauconite Pellets 
Suites Suites 

Pre-Upper illite the dominant Ave. <10% expandable lay Generally simple Frequency of occur 
Mississippian clay; littleexpand- ers in interlayered illite rence of mixed-mineral 

able material montmorillonite pellets 0.07 
Post-Lower illite less abundant; Ave. 20-25% expandable More complex, Frequency of occur 
Mississippian expandable clays layers in inter-layered illite containing more rence of mixed-mineral 
more abundant montmorillonite kaolinite andex- pellets 0.35, kaolinite 


pandable clays and chlorite the ex 
traneous clays 


hedral charge and composition of the interlayered illite-montmorillonite 
clay in glauconite pellets—that material of which most pellets are exclu- 
sively composed—is inherited from the source. However, striking changes 
do take place in the basic lattice involving ions in the octahedral layer. 
The present writer believes that the evidence given by Burst (1958a, 
19584) and in this paper shows that the nature of the interlayered illite- 
montmorillonite in glauconite pellets is determined overwhelmingly by 
diagenetic changes and the resulting mineralogy reflects little of the 
original character of the source material. The conclusions concerning the 
reason for the presence or absence of extraneous clay minerals cannot 
be stated so strongly. However, since most glauconite pellets (regard- 
less of geologic age) are monomineralic it appears quite likely that the 
glauconitization process tends to eliminate these clays. Monomineralic 
pellets frequently occur in matrix of heterogeneous clay minerals. As 
Burst (1958a) has pointed out, “‘to prescribe . . . a ‘detrital’ background 
for the argillaceous material in fecal pellets would be to prescribe an 
organism which is capable of selecting only single-layer, monoclinic, 
dioctahedral crystal fragments from among the innumerable diet possi- 
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bilities on the ocean floor.’’ Additional evidence that points to the proba- 
bility that extraneous clay minerals are eliminated during glauconitiza- 
tion is that extraneous clays occur only in pellets in which the inter- 
layered illite/montmorillonite contains >15 per cent expandable layers 
those pellets which have undergone the least glauconitization. Of 
course, it is possible that both processes have been operative; i.e., younger 
sediments have more heterogeneous sources and thus the glauconitiza- 
tion process has not been able to eliminate extraneous clay minerals from 
pellets as efficiently as in the Lower Paleozoic. 
CONCLUSIONS 
To summarize, it seems that glauconitization—which is a diagenetic 
process—determines the bulk of the chemical and structural properties 
of the clay minerals in glauconite pellets. Glauconitization involves large 
chemical changes in the basic lattice and interlayer cations of the pre- 
dominant illite/montmorillonite clay that occurs in glauconite pellets 
and appears to eliminate extraneous clay minerals. The mineralogy of 
glauconite pellets is changed radically from the mineralogy of the source 
material. Therefore, since the clay mineralogy of glauconite pellets shows 
changes with geologic time that are very similar to those changes ex- 
hibited by the clay mineral suites of shales, it is tempting to suggest 
that Weaver has not given enough credit to the effect of diagenesis in 
the formation of clay mineral assemblages. 
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THE COMPOSITION OF THE ALUMINIAN LUDWIGITE 
FROM CRESTMORE, CALIFORNIA* 


WALDEMAR T. SCHALLER AND ANGELINA C. VLISIDIS, 
U.S. Geological Survey, Washington 25, D.C. 


ABSTRACT 

The black crystals of the aluminian ludwigite (Woodford’s mineral B) from the lime- 
stone at Crestmore, California, gave on analysis: BxO;= 18.15, MgO =40.67, FeO= 5.60, 
MnO=0.02, Al,O;= 10.97, FexO;= 22.59, TiO.=1.50, SnO.=0.24, HAO— =0.07, H.O+ 
=0.05, insoluble =0.48; total=100.34 per cent. Specific gravity 3.64. The formula is 
(Mg;.so, Fes.) (Alo.si, Fe. Tio.o7, Sno.o1) Bi.geOx0 or essentially Mge(Fe*?, Al) BO;O2. This 
ludwigite has the highest known content of AloO; of any member of the ludwigite (Mg>Fe*?) 
vonsenite (Fe**>Mg) series. 


The black crystals of ludwigite in the limestone at Crestmore, Cali- 
fornia, have been known for some time to contain an unusually high 
percentage of aluminum for a ludwigite. An unpublished spectrographic 
analysis by T. G. Kennard indicated a high percentage of Al.O; as did 
an incomplete chemical analysis by J. D. Laudermilk whose results 
showed that the mineral was an anhydrous iron (mostly ferric with only 
a few per cent of FeO) magnesium borate and identified the mineral as 
ludwigite (A. O. Woodford, written communication). 

This ludwigite is Woodford’s mineral B. Woodford, Crippen, and 
Garner (1941, p. 375) state “Slender, black orthorhombic prisms up to 
20 mm. in length have been found in the Sky Blue limestone (e.g. at 
station 31, Wet Weather quarry).” (The thickest single crystal observed 
by W.T-.S. is 2 mm. thick.) Woodford (1943) gives the optical properties 
as X=pale green, Y=slightly darker green, Z=dark brown. The alpha 
index of refraction is given as 1.791, probably +0.002 and the bire- 
fringence (y-a) =0.095+0.010, hence y=1.886+0.010. 

Because of the aluminum present these values are considerably lower 
than those given for several tudwigites by Larsen (1921). 

This occurrence differs from nearly all other occurrences of ludwigite 
in that the mineral is present in the limestone as single isolated crystals, 
mostly with many brilliant faces in the prism zone. Edgar H. Bailey, 
U. S. Geological Survey, also observed and measured goniometrically 
some crystals with terminal faces (Woodford, 1943). The usual mode of 
occurrence of ludwigite as finely fibrous masses, with either parallel or 
interwoven or radiating fibers apparently is not known for Crestmore. 

A suite of the limestone specimens containing this ludwigite was sent 
to Schaller by Edgar H. Bailey some years ago and furnished the material 
used for the analysis presented here. Single larger crystals of ludwigite 


* Publication authorized by the Director, U. S. Geological Survey. 
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are sparsely and irregularly distributed throughout the limestone al- 
though occasionally several crystals may be grouped together and ag- 
gregates of very minute crystals occasionally are present, especially 
where associated with colored silicates. Very minute and long hairlike 
crystals are closely associated with the larger ones or may be present by 
themselves. Some of the crystals are apparently deeply etched whereas 
others seem to be the result of skeletal growth. Long curved forms of 
ludwigite are present at many places; if the two ends meet they will 
enclose limestone. 

In the preparation of material for analysis, a total weight of two kilo- 
grams of the limestone was dissolved in cold 1:3 HNOs, yielding 783 
grams of insoluble material of which 93 grams, or about 12 per cent, was 
ludwigite. The remainder was chiefly forsterite and a humite group min- 
eral, probably clinohumite. No other acid insoluble borate mineral was 
noted. The two kilograms of limestone therefore consisted approximately 
of 96° carbonate, 33% acid insoluble silicates, and $% ludwigite. Even 
this low percentage of ludwigite is high for its per cent occurrence in large 
masses of the limestone as only the richest portions of the limestone 
were used. To the ludwigite crystals so obtained were added several 
grams of additional material previously separated and purified by 
Edgar H. Bailey. Before the separated crystals obtained from the lime- 
stone were crushed, several dozen of the best crystals were selected by 
handpicking and preserved for goniometric measurement. It was from 
this lot of crystals that those used in the crystal structure studied by 
da Silva, Clark, and Christ (1955) were selected. 

For the final purification of the Crestmore ludwigite the electromagnet, 
isodynamic separator, methylene iodide, and handpicking were all used. 
In washing out the dust of the crushed sample, the wash water appeared 
greenish (olive-green) due to the translucency of the dust particles. This 
translucency indicates a low content of FeO in the ludwigite. The 
analyzed sample is not magnetic, that is, it does not move when tested 
with a small alnico magnet. 

The analysis presented no unusual difficulty although the values ob- 
tained for MgO are a little high due probably to the inclusion in the 
ludwigite crystals of a little periclase or brucite, as discussed below. 

The results of the analysis are given in Table 1. 

The present analysis differs from those of other low FeO ludwigites in 
its high percentage of AloO; (and correspondingly low Fe2O;). Many 
analyses of ludwigite show small amounts of Al.O;, usually from 1 to 3 
per cent. The relatively large amount of TiO: present is surprising as no 


other titanium mineral has been noted from the Crestmore limestone. 
although golden yellow sphene is reported by Woodford (1943, p. 360) as 
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PABLE 1. ANALYSIS OF ALUMINIAN LUDWIGITE FROM CRESTMORE, CALIFORNIA 
Analyst, Angelina C. Vlisidis 


Average 
BeO; 18.29% 17.91% 18.26% 18.15% 
MgO 40.86 40.48 40.66 40.67 
FeO 5.59 5.62 5.60 5.60 
MnO 01 .03 02 
AleOs 11.02 10.92 10.97 
FeO 22.56 22.61 22.59 
rio. 1.50 1.50 1.50 
SnO, 31 17 24 
H.O 07 07 
H.O* 05 O05 
CaO None None 
Insoluble 50 .54 41 48 

100. 34 


Specific gravity 3.64 

Potal Fe as Fe,O;= 28.78, 28.93, average 28.86 per cent 

Potal R2Os (gravimetric) = 41.28 per cent which agrees well with the sum of 28.86 total 
iron+10.97 AlLO;+1.50 TiO. = 41.33 


being ‘‘very abundant in some pegmatites. Larger brown crystals are 
also fairly common.”’ 

The atomic ratios calculated from the average analysis are given in 
lable 2. 

The formula is calculated from the analysis on the basis that the for- 
mula contains 10 oxygen atoms, that is, a total charge of —20. The 
equivalent e is defined as, 


formula weight 


¢= 


valence of cation X number of cations in formula 


The factor f= 20 de is an average common multiplier such that 
e’=f/Xe yields the total positive charge in each individual oxide; 
e’/ (valence of cation) is the number of cations. 

These ratios are close to. the standard formula of ludwigite, 
4RO- RO ;-B2O;. That of the bivalent group is a little high. The ratios 
of B (1.96) and of the sum of Al, Fe**, Ti, Sn (1.95) are so nearly identical 
that it would seem as if a small quantity (estimated as less than one per 
cent) of an acid-soluble magnesium-rich second phase (periclase?, 
brucite?) was present in the sample, as an undetected impurity, account- 
ing for the high ratio (4.09) of the bivalent elements Mg, Fet?, Mn. Ob- 
servation of a polished mount of many fragments of the ludwigite crys- 
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TABLE 2. Aromic RATIOS CALCULATED FROM AVERAGE ANALYSIS 0 
ALUMINIAN LUDWIGITE FROM CRESTMORE, CALIFORNIA 


= 


Analysis e e' =3.764Xe Atomic ratios 
B.O 18.15% 1.563 5.885 B 1.96=2x0.98 
MgO 40.67 2.017 7.594 Mg 3.80 
FeO 5.60 156 587 Fet? .29>4.09=4x1.02 
MnO 02 001 .002 Mn 00 
ALO 10.97 646 2.431 \l 81 
FeO 22.59 .849 3.194 Fe** 1.06 . 
; - ea s _1.95=20.98 
iO. 1.50 075 283 ri 07 
SnO 24 006 024 Sn 01 
99.74 5.313 20.000 
H.O 07 
H.O* 05 0 , 
CaO 00 f=- : “ws 764 
5 
Insoluble 48 31. 
100.34 
Mgs.so, Fe; 2.) (Alo.si, Fe,’ Tigo,» Sty ¢,) (Bi. v6O)Ox 


tals as well as a thin section of the limestone carrying the ludwigite 
shows several colorless inclusions completely embedded in the ludwigite 
and hence not amenable to nitric acid attack until the surrounding lud- 
wigite is dissolved away. 
On a weight percentage basis the composition of this ludwigite can be 
interpreted to be approximately: 
48} per cent MgO-FesO; borate 
36} per cent MgO-Al.O; borate 
10 per cent FeO-Fe.O,; borate 
43 per cent MgO-TiO., borate 
} per cent MgO-SnO, borate 


The ludwigite-vonsenite series must then be considered at least a 
three component system —4MgO- Fe.O;- B.O;, 4MgO- Al,O;- BoO;, and 
4FeO- FesO;- BoOs. 


Five boron minerals are known from Crestmore. Axinite has been de- 


e 
scribed by Eakle (1917). Murdoch and Webb (1940, p. 553) state **The 


axinite [from Inyo County] looks almost exactly like that found at Crest- 
more, in Riverside County, California.’’ Axinite was also listed by Wood- 
ford (1943) as were danburite, datolite, ludwigite, and tourmaline. 
Axinite, datolite, and tourmaline are also mentioned by Burnham 
(1959) as occurring at Crestmore. Two other borate minerals, serendibite 
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(Richmond, 1939) and vonsenite (Eakle, 1920), apparently as yet not 
reported for Crestmore, occur in the several other limestone quarries sur- 
rounding Riverside. 
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SOME ASPECTS OF THE CALCIFEROUS AMPHIBOLES, 
OXYHORNBLENDE, KAERSUTITE AND 
BARKEVIKITE 
J. F. G. Wirkinson, University of New England, 
Armidale, New South Wales. 


ABSTRACT 

The brown calciferous amphiboles oxyhornblende, kaersutite and barkevikite have been 
examined briefly in terms of their chemistry, optical properties and mode of occurrence. 
rhe titaniferous amphibole kaersutite, generally considered to be a variety of oxyhorn 
blende, often has low Fe:,O;/FeO ratios and is therefore distinct from the latter mineral. 
Kaersutite and barkevikite compositions are dominated respectively by the end-member 
series pargasite-ferropargasite. 

Optical properties of brown amphiboles assigned to the three species show considerable 
overlap. Birefringences greater than 0.040 characterize true oxyhornblendes 

Kaersutite and barkevikite are the brown calciferous amphiboles typically encountered 
in undersaturated alkaline rocks, barkevikite possessing higher Fe.*/Mg ratios than kaer 
sutite, and Mg<2 atoms. Kaersutite occurs most commonly in analcite-bearing rocks of 
wide compositional range, and in nepheline-bearing basic rocks. On the other hand, bar 
kevikite is more characteristic of the nepheline-syenites, and is an iron-enriched amphibole 
developed as a consequence of relatively less hydrous conditions resulting in increased 
Fe?*/ Mg ratios in the magma 


INTRODUCTION 


Questions of nomenclature of oxyhornblende* kaersutite and barkev- 
ikite reflect one of the many problems arising from extensive ionic sub- 
stitution in the calcium-sodium amphibole group. Apart from the prob- 
lem of identification by optics, actual measurements of optical proper- 
ties of the three minerals in question are rendered more difficult by their 
strong brown or reddish-brown absorption colours. And, as emphasized 
by Boyd (1955), the ways in which the composition of a particular 
amphibole reflects the chemical and physical environment in which it 
formed, as yet are not clearly understood. 

Amphiboles referred to oxyhornblende, kaersutite and_barkevikite 
have been described from a wide range of igneous rocks. Generally these 
minerals have been most frequently recognized in alkaline undersatu- 
rated types, particularly kaersutite and barkevikite. One feature of their 
chemistry, namely frequent enrichment in TiOs, recalls a similar feature 
of clinopyroxenes of alkali olivine-basalt magma (Wilkinson, 1956, 
Table 2). In these minerals, TiO, contents of 2-4 per cent are not un- 
common. 

Basaltic hornblende, oxyhornblende (Winchell, 1932, p. 473) and 


* Throughout this paper the term oxyhornblende is used in preference to the synony 


mous terms basaltic hornblende and lamprobolite 
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lamprobolite (Rogers, 1940) are synonymous terms to cover the dark 
brown amphibole with high ferric iron content, high indices of refraction 
and rather strong to extreme birefringence. A small extinction angle also 
has been cited as a diagnostic optical property. Both Winchell and 
Rogers have pointed out the unsatisfactory usage of the term basaltic 
hornblende to cover an amphibole with these properties, as this mineral 
is by no means confined to basalts. 

The term kaersutite was proposed by Lorenzen (1884) for a highly 
titaniferous amphibole occurring in feldspathic veins and dikes cutting 
the picrite at Kaersut, Greenland. Lorenzen’s original material was sub- 
sequently re-examined by Washington and Wright (1908). The term 
kaersutite has carried various connotations, e.g. a highly titaniferous oxy- 
hornblende (Washington and Wright, 1908, p. 210; Benson, 1940, p. 
285; Winchell, 1951, p. 437; Kerr, 1959, p. 330); a rare variety of barke- 
vikite (Yagi, 1953, p. 783) and a brown hornblende with abundance of 
TiO» (Aoki, 1959, p. 278). 

Barkevikite (Brégger, 1890) has been variously defined in relation to 
other amphiboles, e.g. as a member of the oxyhornblendes (Kunitz, 
1930, p. 214; Sundius, 1946, p. 30) or the soda amphiboles (Winchell, 
1951, p. 440). 

Attention has been frequently directed to experiments (e.g. K6zu et 
al., 1927; Barnes, 1930) whereby green hornblende on heat treatment 
changes to a mineral having the appearance and optical properties of 
oxyhornblende. In this transformation, the principal chemical change is 
oxidation of the ferrous iron and loss of hydrogen. Barnes showed that 
the principal optical changes associated with heating green hornblende 
in air at about 800° C. are: increase in the indices of refraction, bire- 
fringence and dispersion; decrease in the extinction angle and change in 
2V to 65°; change in colour and pleochroism from greens to browns. 


(CHEMISTRY AND CLASSIFICATION 


In recent years the classification of the calciferous amphiboles has 
been discussed by Hallimond (1943), Winchell (1945), Sundius (1946), 
Boyd (1959) and Smith (1959). In general, four principal magnesian 
end-members (plus their ferriferous analogues) have been recognized 
(Table 1), namely tremolite (-ferrotremolite or actinolite*), edenite 


* The terminology of these two ferriferous end-members varies with different authors. 
In this paper the term ferropargasite is preferred for the pure ferriferous end-member 
equivalent of pargasite, inasmuch as the term hastingsite for many years has referred to 
Fe-rich amphiboles with small amounts of MgO, or else to various calciferous amphiboles 
with variable FeO/MgO ratios (Billings, 1928). The term ferrotremolite is preferred for the 
Fe-analogue of tremolite. 
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(-ferroedenite), tschermakite (-ferrotschermakite) and pargasite (-ferro- 
pargasite or hastingsite*). The most significant end-member series in 
the present discussion is the pargasite-ferropargasite series, the Mg end- 
member pargasite NaCa2Mg,Al*!Al,'¥ SigQ22.(0H)2 being derived from 
tremolite CasMgsSisO22(OH)2 by the double substitution AlAl for MgSi 
and NaAIl for Si. 

Boyd (1959, p. 382) has shown graphically that the two most impor- 
tant end-member series of the calciferous amphiboles (including the more 


TABLE 1. END-MEMBERS OF CALCIFEROUS AMPHIBOLES 


tremolite CasMg;SisQe2(OH)- 
ferrotremolite | _. e 

. a ne a Si,O~(OH )» 
actinolite 
pargasite Na CaeMg,Al*!Ab!¥SigQ22(OH 
ferropargasite| .. . - - 
et tse Na CasFe,2+Al¥™AlYSipO22(OH)» 
hastingsite 
edenite Na CaeMg;Al'¥Si;O22.(OH 
ferroedenite Na CasFes?* AlYSi702(OH 


tschermakite CaoMg;Ale*! Ale!YSigQ22(OH 
ferrotschermakite CasFe;?* Ale’! Al! SigQo2.(OH 


familiar green igneous hornblendes) are *CaeFM5Sigs02(0H)2 and 
(Na, K)CaoFM,(AI‘!, Fe**+)Al.!¥SigQ22.(0H)2, where FM = Fe?++ Mg. 
The amphiboles considered by Boyd had Ca=1.8—2.1 and low contents 
of Ti (<0.20). 

Tables 2—4 list analyses of amphiboles assigned by various workers to 
oxyhornblende, kaersutite and barkevikite respectively. In Table 5, 
these amphiboles have been recalculated on a basis of 24 (O, OH, F). 
Much of this latter data has been taken from Hallimond (1943, Table 1). 
An uncertainty in these calculations is the determination of H,O*, and 
non-determination of F, particularly in older analyses. Only analyses 
showing reasonably close agreement with the general calcium-sodium 
amphibole formula We; (XY)5ZsO22(OH).* have been listed. Many 
analyses were rejected because of significant departures of the W (where 
greater than 3.2) and XY (greater than 5.4) groups. 

In the three amphiboles, Si is close to 6 atoms, associated with two Al 
atoms in four-fold co-ordination. Ca ‘is generally 1.8-2.0. In five cases 
there is insufficient aluminium to satisfy the Al'¥ requirements in the 


* W=(Na, K, Ca), X= (Mg, Fe:*, Mn), Y=(AI"!, Fe**, Ti), Z=(Si, Al). 
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TABLE 4. CHEMICAL ANALYSES AND OPTICAL PROPERTIES OF BARKEVIKITE 
1 2 3 4 5 

SiO. 38.41 36.12 40.88 41.12 37 .86 
rio. 1.26 4.82 0.22 0.45 1.25 
ALO 16.39 12.46 11.04 11.02 12.06 
FeO 3.75 9.60 7.56 6.54 11.47 
FeO 21.75 10.43 17.41 17.73 16.23 
MnO 0.15 0.28 1.2 1.03 0.82 
MgO 2.54 9.09 5.92 6.14 4.03 
CaO 10.52 12.01 10.46 10.42 11.43 
Na,O 2.95 2.58 3.d5 3.65 2.98 
K.O0 1.95 1.41 0.78 0.94 0.72 
H,O* 0.24 1.02 1.16 1.45 1.23 
Total 99 91 99.82 100.50 100.49 100.08 
a 1.687 1.691 1.687 1.694 - 
p 
, 1.708 1.707 1.701 1.710 
y-a 0.021 0.016 0.014 0.015 
2Va 
yc 13 10 16 20 
Pleochroism 
X vellow brown 
\ dark brown dark brown | dark brown | greenish brown brown 
Z dark brown 


\bsorption a<V<z 


1. From sodalite-syenite, Square Butte, Montana (Lindgren and Melville, 1892, p. 
292). 

From essexite, Fuerteventura, Canary Isles (Kunitz, 1930, p. 245) 

From nepheline-syenite, Skuttersundskjir (Kunitz, 1930, p. 245 

From nepheline-syenite, Stavarnsjé, Norway (Kunitz, 1930, p. 245 

From foyaite, S. Vincente, C. Verde (Kunitz, 1930, p. 245). 


wi de ww NS 


Z group, and Ti, apparently replacing Si, has been added to bring this 
group up to 8.00, as required by the amphibole formula. A comparable 
procedure has been found necessary in certain titaniferous clinopyrox- 
enes. 

Several analyses of kaersutite (Table 3, Analyses 1—4) are significant 
from the point of view of nomenclature inasmuch as they reveal low 
Fe.O; contents relative to FeO. The mineral from the type area is in- 
cluded here. This feature of kaersutite chemistry immediately sets it 
apart from the widely accepted concept of an oxyhornblende. In terms of 
end members, recalculated analyses of kaersutites with low degrees 
of oxidation indicate a composition close to that of a titaniferous 
pargasite with part of the Mg replaced by Fe?*. As an approxima- 
tion, the composition of the type kaersutite can be written as 
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(Na, K, Ca)o3(Mgs, Fe?*) Ti Als!¥ Sis023(OH). In kaersutite the amount 
of Ti in the Y group is generally between 0.6 and 1. In all.cases Mg is 
greater than 2. Despite variable degrees of oxidation, Fe?* is generally 
greater than Fe**. 

The analysis of barkevikite cited by Brégger (1890, p. 412) was incom- 
plete. It is characterised by relatively high lime and soda (CaO 10.24; 
Na2O 6.08 per cent), making it difficult to place in either the calciferous 
or alkali amphiboles (Miyashiro, 1957, Table 1). Another analysis of 
barkevikite from the same area (Table. 4, Analysis 3) presents no ab- 
normalities in its composition. Compared with kaersutite, barkevikite is 
characterised by lower contents of Ti and a higher degree of replacement 
of Mg by Fe** in the X group, so that Fe** is generally greater than Mg. 
In the barkevikite analyses, there is a tendency for the W group to 
closely approach its maximum value of 3. 

It is clear that kaersutite and barkevikite compositions are respec- 
tively dominated in their compositions by the pargasite-ferropargasite 
end-members, in which may be particularly noted the replacement of 
Al”! by both Ti and Fe*>. 

Billings (1928) proposed the following classification of the has- 
tingsite group based on the ratio FeO/MgO (molecular proportions): 
FeO/MgO> 2, ferrohastingsite; FeO/MgO<2>0.5, femaghastingsite; 
FeO, MgO <0.5, magnesiohastingsite. A classification in this manner 
possesses limitations when, for any reason, oxidation of the iron has taken 
place. The brown titaniferous (4-7 per cent TiO.) amphibole from the 
Mount Royal essexites (Bancroft and Howard, 1923, p. 20), referred to 
magnesiohastingsite and femaghastingsite by Billings (of. cit.), would be 
regarded as kaersutites by many workers. Sundius (1946, p. 22) has 
pointed out the similarity of such Mg-rich amphiboles to pargasite. 

It is proposed that the chemical distinction between kaersutite and 
barkevikite be based on the number of Mg atoms in the formula, titanif- 
erous amphiboles with Mg>2 atoms being kaersutites. On this classifica- 
tion the amphibole (Mg= 2.1) from the Fuerteventura essexite (Table 4, 
Analysis 2) would be referred to kaersutite. Barkevikite is analogous in 
its fundamental chemistry to the TiO2-poor green or blue-green hastings- 
ites occurring in both acid and over- and undersaturated intermediate 
ror ks. 

The term kaersutite has carried with it the implication of a high con- 
tent of TiO, generally greater than 5 per cent. This is perhaps unfortu- 
nate, as analogous brown amphiboles with 3-5 per cent TiO: are prob- 
ably not uncommon, particularly in basic alkaline rocks (for example, see 
Mason, 1958, p. 251). The TiO, content of a particular brown amphibole 
is sensitive to the magma chemistry at the time of its formation. Viewed 
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in this light, there appears to be no reason why brown amphiboles con- 
forming in their essential chemistry to kaersutite but possessing slightly 
lower TiO, contents, should not be covered also by this term. In the 
writer’s opinion, kaersutite should not be regarded as a rare mineral, 
and it is anticipated that the brown or reddish brown amphibole in 
intrusive basic alkaline rocks will be of the kaersutite type. 

Of those brown amphiboles referred to oxyhornblende, only two (Table 
2, Analyses 9 and 10) possess the chemistry and optical properties con- 
sistent with oxyhornblende. Of the other amphiboles listed, those types 
with low birefringences and moderate TiOs contents are more akin to 
kaersutites with moderate degrees of oxidation. Two amphiboles (Anal- 
yses 3 and 5) occur in rocks where there is little possibility of the oxy- 
hornblende reaction having occurred (cf. Hallimond, 1943, p. 70). It may 
be noted that a graphical representation of selected oxyhornblende 
compositions (Winchell, 1945, p. 45) indicated a tendency for many 
compositions to plot closest to a Na Cas (Mg, Fe**), (Al, Fe**)3 SisOxe 
(OH). end-member. 


OpTICAL PROPERTIES 


The optical properties of analyzed amphiboles referred to oxyhorn- 
blende or kaersutite (Tables 2 and 3) suggest that the high birefringences 
(0.05-0.09) measured on brown amphiboles produced in laboratory heat- 
ing experiments are not frequently attained in natural material. In par- 
ticular, the frequency with which the optical properties (particularly 
y—a=().068) of the Linosa amphibole (Table 3, Analysis 12) have been 
quoted, would indicate that such properties have been considered typical 
of kaersutite. Chemically, the Linosa mineral is atypical when compared 
with other kaersutites, notably because of its relatively high Fe2O;/ FeO 
ratio, a feature which prompted Washington to assign it to a distinct 
species, linosite. It is however akin in its optics and chemistry to an 
oxyhornblende. 

The majority of analyzed kaersutites have (y—a) in the range 0.030 
0.032. Variation in the Fe2O;/ FeO ratios apparently has little effect on 
the birefringence. However a kaersutite with the abnormally high bire- 
fringence of 0.083 (2V,=79-80; TiO» 7.55, FesO; 7.11, FeO 5.05 per 
cent) has recently been described by Aoki (1959, p. 279). This amphibole 
occurs as phenocrysts in a scoria. Other kaersutites from the same area 


with comparable TiO:2 contents but slightly lower degrees of oxidation 
possess distinctly lower birefringences (Table 3, Analyses 6 and 11). 
Irrespective of the contents of TiO: or total iron, or degree of oxida- 
tion of the iron, a large number of kaersutites have 2V,=80+2°. 
On the assumption that kaersutite is a titaniferous variety of oxyhorn- 











ble 
Ti 
th: 


TI 
gr 
co 
th 


in 
m 
hi 
da 
Bi 








— —_—_—— 


n 


n 


a 
n 








CALCIFEROUS AMPHIBOLES 349 


blende, many workers appear to have taken an upper limit of 5 per cent 
TiOz for oxyhornblende. Despite Fe2O3/ FeO ratios close to or greater 
than unity, many amphiboles designated as oxyhornblende have (y—a) 
=0.019—0.026 (Table 2), particularly those described by Kunitz (1930). 
These values do not differ markedly from the birefringence of many 
green hornblendes. Comparison of oxyhornblendes and kaersutites with 
comparable degrees of oxidation but differing TiO, contents indicates 
that the birefringence increases slightly with increasing TiO». 

Not a great deal of optical data on barkevikite is available (Table 4). 
The birefringence is comparable with many of the oxyhornblendes listed 
in Table 2. With a higher content of (FeO+ Fe.O;) and often containing 
moderate amounts of TiOs, barkevikite might be expected to possess 
higher refractive indices than kaersutite. There is need for much more 
data, which may reveal a distinction from kaersutite based on 2V, (cf. 
Benson, 1940, p. 289). 

It is clear from the data listed in Tables 2—4 that identification of any 
particular amphibole under discussion cannot be confidently accom- 
plished solely on the over-generalized optical data assigned to these 
minerals by various workers, since amphiboles referred to these species 
possess similar ranges of refractive indices, extinction angles and ab- 
sorption colors. Much more data is necessary in order to define any 
significance in 2V. The difficulties of optical identification are particu- 
larly accentuated by the variation and possible interplay of titania, and 
degree of iron enrichment and oxidation. The use of low extinction angles 
as a guide to the degree of oxidation is misleading inasmuch as several 
kaersutites with low Fe.O3/FeO ratios have y:c values less than 10 
degrees. It may also be questioned whether the size of 2V, is indicative 
of the degree of oxidation, inasmuch as certain oxyhornblendes with high 
(y—a) have 2V,~80°. 

Engel (1959, p. 974) has recently emphasized the lack of obvious cor- 
relations of optics and composition of hornblende, particularly in rela- 
tion to optical properties, composition diagrams. This point is again 
emphasized, and here attention may be particularly directed to the 
limitations of optical properties/composition diagrams showing rela- 
tionships between various amphibole end-members which themselves are 
titania-free. 

The experimental work of Barnes (1930) demonstrated that the in- 
crease in the birefringence depends on the iron content of the amphibole, 
Fe-free or Fe-poor amphiboles showing little or no increase in (y—a@) on 
heating. Such amphiboles however would be expected to be rare in the 
normal range of igneous rock compositions. In the formation of an 
oxyhornblende with comparatively high birefringence, the y index fre- 
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quently increases at a greater rate than either the a or @ indices. In view 
of several natural amphiboles with high degrees of oxidation failing to 
show strong birefringence, it would seem desirable to investigate care- 
fully the products of controlled heating experiments to determine: (i) 
Whether differing Fe2O;/FeO ratios affect the birefringence. (ii) The 
nature of the structural changes involved in the production of increased 
birefringence at known temperatures under controlled oxidizing condi- 
tions. 

Increased birefringence (>0.040) characterizes the oxyhornblendes 
from Taiwan and Colorado (Table 2, Analyses 9 and 10) and Linosa 
(Table 3, Analysis 12). These minerals occur in lavas and have high 
Fe.O; FeO ratios. Parsons (1930, p. 31) has listed an amphibole from 
Bohemia (TiOz2 5.10, Fe2O; 6.96, FeO 2.34 per cent; y—a=0.042) whose 
chemistry and optics conform to the conventional view of an oxyhorn- 
blende. The strongly birefringent amphiboles described by Aoki (1959) 
appear to represent distinctive types inasmuch as they show compara- 
tively little oxidation. Such amphiboles are worthy of more detailed in- 
vestigation. 

In terms of available analyses and detailed descriptions, it is seen that 
amphiboles conforming both in chemistry and optical properties (par- 
ticularly high birefringence) to oxyhornblende, are comparatively un- 
common. Pending analysis, it would seem desirable to limit the term 
oxyhornblende to brown calciferous amphiboles with (y—a) >0.040 and 
occurring in lavas. These amphiboles may frequently show strong evi- 
dence of magmatic reaction and resorption. 

Other brown or reddish-brown amphiboles (particularly those occur- 
ring in undersaturated alkaline rocks) with (y—a) <0.040, may be con- 
veniently referred to brown hornblendes, unless chemical data results in 
more precise nomenclature. However, as will be discussed in the occur- 
rence of those minerals, the nature of the parent rock may serve to indi- 
cate whether kaersutite or barkevikite is present. 


OCCURRENCE 


Arising from the results of amphibole heating experiments has been 
the concept that oxyhornblende (and kaersutite) is not strictly a pri- 
mary mineral, but is an alteration product of common green hornblende 
(cf. Hatch, Wells and Wells, 1949, p. 66; Winchell, 1951, p. 439), “‘prob- 
ably due to hot gases at a late magmatic stage”’ (Rogers, 1940, p. 828). 
In the San Juan lavas, Larsen et al. (1937, p. 905) considered that ‘‘in 
considerable part the change from common to basaltic hornblende. . . 
takes place after eruption and during the crystallization of the ground- 
mass.”’ The latter conclusion is substantiated by chemical and optical 


data on amphiboles within the one volcanic horizon. 
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If the term oxyhornblende is to carry with it genetic implications, it is 
clear that this term should not be used indiscriminately to include 
brown calciferous amphiboles occurring in intrusive rocks (e.g. many 
kaersutites) and which have been demonstrated to contain low to 
moderate Fe2O; contents. Such amphiboles represent normal magmatic 
crystallization products. 

In the case of brown amphiboles possessing comparatively high Fe2O; 
contents relative to FeO and occurring in intrusive rocks, it is possible 
that in many cases their composition indicates a response to initially 
high Fe.O;/ FeO ratios in the parent melts, crystallizing under conditions 
of high [P]H.O or high [P]Oz. 

Where brown amphiboles with relatively high Fe2O;/ FeO ratios, but 
not possessing abnormal birefringences, are present in lavas, then it is 
likely that oxidation attendant on extrusion has contributed to their 
chemistry. In lavas where exothermic surface reactions have resulted in 
temperatures in excess of 750—-800° (¢ 


‘ 


., a true oxyhornblende may be 
locally developed. Those lavas in which a calciferous amphibole is a 
common ferromagnesian constituent and where there is evidence that 
such temperatures may be attained (Ingerson, 1955) are represented by 
andesitic and dacitic types. 

Under the appropriate physical conditions it is highly likely that any 
common calcium-sodium amphibole (including kaersutite and barkevi- 
kite) may suffer subsequent conversion to a true oxyhornblende. It may 
be noted that although some kaersutites occurring as cognate xenocrysts 
in lavas and dyke rocks (Tomita, 1934; Benson, 1940) show varying 
degrees of resorption and alteration, nevertheless their degree of oxida- 
tion and their birefringence are comparable with similar amphiboles 
present in intrusives. It is inferred that in such cases oxidation took 
place at only moderate temperatures. 

Kaersutite and barkevikite appear to have been recorded dominantly 
from undersaturated rocks or those members of a differentiation series, 
in which the principal undersaturated felsic minerals are respectively 
analcite and nepheline. The latter amphibole has been most frequently 
noted in nepheline-syenites. 

Although the parent rocks vary in composition from highly basic to 
intermediate, the range of composition of the kaersutites is not very 
marked, being mainly restricted to limited replacement in the X group 
of Mg by Fe?*. By contrast, .barkevikite reveals a much higher degree 
of replacement of Mg by Fe®*. This feature, together with a tendency 
lor enrichment in Mn with respect to Fe** (cf. Goldschmidt, 1954, p. 
628), indicates its precipitation at a relatively advanced stage of dif- 
ferentiation, the magma at that time possessing high Fe**/ Mg ratios. 
Che TiOs-poor amphibole from the Wausau (Wisconsin) quartz-syenite, 
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referred by Weidman (1907, p. 204) to barkevikite, is associated with 
fayalite and hedenbergite and is thus a member of an iron-enriched 
assemblage. 

In undersaturated rocks the development of analcite rather than the 
pair albite-nepheline would be facilitated by high water pressures (cf. 
Turner and Verhoogen, 1960, p. 124). Such hydrous magmatic conditions 
would not be favorable to any degree of absolute iron enrichment. 
Where a calciferous amphibole is precipitated in such an environment, 
it would be expected to show limited replacement of Mg by Fe?* 2.e. 
kaersutite would be developed. It is frequently stated that the dark 
brown amphibole in teschenites is barkevikite, although there appears 
to be little analytical data to substantiate this claim. It is more likely 
that the amphibole in question is a kaersutite. 

In a nepheline-bearing differentiation series varying in composition 
from basic to intermediate types, and carrying a brown calciferous 
amphibole, it is anticipated that a kaersutite would be present in the 
more basic varieties (e.g. the Mount Royal essexites) and that with pro- 
gressive fractionation, the amphibole would change in its compostion 
towards a barkevikite. Such a trend is analogous to the trend magnesio- 
hastingsite—ferrohastingsite, proposed by Billings (1928, p. 293), and is 
similar to the trend in hornblendes from certain calc-alkaline igneous 
series, e.g. the amphiboles from the Southern California bathylith 
(Larsen and Draisin, 1950, Table IIT). 

The TiO.-rich environment from which kaersutites have crystallized 
is illustrated by two examples of co-existing biotites containing 6-8 per 
cent TiO, (Table 3, Analyses 3 and 4). Some confirmation of the dif- 
fering magmatic conditions under which kaersutite and barkevikite are 
precipitated may be furnished by a study with a particular differentia- 
tion series of the associated opaque oxides. Unfortunately there appears 
to be little analytical data on the associated opaques. 

In rocks with barkevikite, earlier relatively anhydrous conditions 
would tend to favor the formation early in the differentiation series of 
a titano-magnetite composed dominantly of a FesO4-Fe2TiO, solid solu- 
tion and possessing (FeO+ TiOsz) > Fe2O 3. In analcite-bearing rocks with 
kaersutite, the opaque oxides would tend to be either a TiO:-poor 
magnetite with Fe.O;>FeO, or else a magnetite of the Fe;04-FeTiOs 
solid solution type. Concentration of TiO, at the stage of kaersutite pre- 
cipitation would be facilitated by the early separation of a TiO.-poor 
magnetite. 

Ultimate clarification of many of the proposals in the present discus- 
sion obviously must await more detailed studies on possible chemistry 


optical properties relationships and response by the amphibole chemistry 
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to varying conditions of differentiation. In particular, a great deal re- 
mains to be done concerning the effects of dominant cations (particu- 
larly Ti) on optics; in addition, x-ray diffraction studies represent a 
field where considerable information is needed. 
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A POORLY CRYSTALLIZED, LOW BARIUM, 
PSILOMELANE-TYPE MINERAL 


A. A. Levinson, The Dow Chemical Company, Freeport, Texas. 


ABSTRACT 

\ poorly crystallized manganese mineral from Zacatecas, Mexico is described. Its 
y-ray diffraction pattern gives only three distinct lines in addition to a few extremely weak 
hands and lines. The x-ray data indicate the specimen is a psilimelane-type mineral. Chem 
ical analysis shows the mineral to be similar to psilomelane except that barium is low 

BaO=4.5 per cent). Significant substitution of potassium, sodium, calcium, and strontium 
takes place for barium. 

The nomenclature of psilomelane and psilomelane-type (Fleischer and Richmond, 
1943) is reviewed. It is suggested that the term manganomelane be used as the general 
name for all hard manganese oxide minerals not specifically identified. Wad should continue 
to be used for soft manganese minerals not specifically identified 


INTRODUCTION 

The mineral psilomelane has only recently reached the status of a well 
defined species. Highlights in this elucidation have been the redefinition 
of psilomelane as a single species by Vaux (1937), the detailed crystal 
structure investigation of Wadsley (1952, 1953), and the general review 
and verification of Fleischer (1960A). These studies have been con- 
cerned with well-crystallized psilomelanes which have the formula 
(Ba,H2O)2Mn;Oyo, or approximate it closely, with Ba: H2O approximately 
1:2, and Mn including Mn**, Mn**, as well as various other elements. 

This paper is concerned with poorly crystallized psilomelanes and 
psilomelane-type minerals which have received essentially no recent con- 
sideration although they have been recognized by Ramsdell (1932), and 
others subsequently. One such psilomelane-type mineral is described in 
detail and it is shown that this particular specimen (1) is very poorly 
crystallized as determined by its x-ray diffraction pattern and (2) has 
extensive isomorphous substitution of potassium, sodium, calcium, and 
strontium for barium. Because of these variations from the accepted 
chemical and structural definition of psilomelane, the term psilomelane- 
type is used to refer to the specimen being described. Throughout this 
paper the term psilomelane-type refers to a variant of true psilomelane 
as defined by Vaux (1937), Wadsley (1952, 1953), and Fleischer (1960A). 
It is not used in the general sense as suggested by Fleischer and Rich- 
mond (1943). Further comment on this terminology is presented below. 


OCCURRENCE AND PREVIOUS STUDIES 


lhe specimen described in this report is from the La Abundancia mine, 
Zacatecas, Mexico. This deposit has been most recently described by 
Wilson and Rocha (1956A); they also give older references. According to 
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Wilson and Rocha (1956A) the deposit is in the form of mantos and 
chimneys enclosed in shales and is believed to have formed by replace- 
ment by hydrothermal solutions. They also report that by x-ray diffrac- 
tion J. M. Axelrod has identified pyrolusite (dominant mineral), crypto- 
melane, and two unidentified manganese minerals, as well as quartz, opal, 
calcite and other gangue minerals. Fleischer (1960B) states that one of 
Axelrod’s unidentified minerals is now recognized to be the so-called 
“oamma MnO,” the other is still unidentified but is not the same as 
the material described in this paper. The reported presence of pyrochroite 
by Wilson and Rocha (1956A) was apparently in error according to 
Fleischer (1960B). 

Wilson and Rocha (1956A) note that part of the ore is soft and has 
been selectively mined, whereas a hard ore has been left in the form of 
pillars. The mineral described below is undoubtedly an example of the 
hard ore. 

PHYSICAL PROPERTIES 

Form = massive, compact 

Color = black; Streak = black 

Fracture = conchoidal 

Hardness=6 

Specific Gravity = 3.98 (at 25° C). Lower than true psilomelane (Fleischer, 1960A); prob 
ably due to adsorbed water and isomorphous substitutions for Ba described below. 

Luster= Dull, submetallic in hand specimen. Takes excellent polish giving metallic luster 
in reflected light 


OBSERVATIONS IN REFLECTED LIGHT 


The study of several polished sections of the La Abundancia manga- 
nese mineral indicates that it is essentially one phase. Several of the sec- 
tions are homogeneous whereas a few, under high magnification, appear 
to contain a small number of very minute needles which show some 
variation in reflectivity upon rotation. Their exact nature could not be 
determined. 


CHEMISTRY 


In Table 1 a chemical analysis is presented of the psilomelane-type 
mineral from the La Abundancia mine. The most noticeable differences 
between this material and normal psilomelane are its low BaO content 
and higher than usual contents of CaO, K2O, and Na2O; the SrO con- 
tent is probably normal for psilomelane. Calculations show that if Sr, 
Ca, K and Na are placed in the (Ba,H2O) positions, the mineral under 
discussion fits the chemical requirements of psilomelane. In Table 2 
these calculations are summarized and compared with the 14 authenti 
cated psilomelanes described by Fleischer (1960A). For comparison with 
Fleischer’s results, the data are based on O= 20,00, 
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TABLE 1. CHEMICAL ANALYSIS OF PSILOMELANE-TYPE MINERAL, 
La ABUNDANCIA MINE, ZACATECAS, MEXICO 


MnO. 70.4 Fe,O; 2.6 
MnO 9.3 MgO 0.9 
BaO 4.5 H,O* 3.2 
SrO 1.4 SiO, 0.9 
CaO 1.6 CO. 0.3 
K.O 1.5 Others 0.3 
NaeO 0.7 Total 99.7 


Notes on Analysis: 

1. Wet Analyst: J. A. Greear. 

2. Specimen oven dried at 110° C. for 2 hours before analysis. Ignition loss= 1.9%. 

3. “Others” are remaining mixed oxides (chiefly Al,O;) from ammonium hydroxide 
precipitate after deduction of Fe2Os. 

4. Barium and strontium determined by emission spectrographic analysis. Analyst: 

H. Holt. 

Traces of Mo, Ni, Cu, Cr detected by x-ray fluorescence and emission analysis. Li, 

W, V, As, Pb, Co and Zn specifically looked for but not detected. 

6. A specimen of the analyzed material has been deposited at the U. S. National Mu 
seum. U.S.N.M. No. 109398. 


un 


For the calculations in Table 2 on the La Abundancia mine specimen, 


all constituents reported in the analysis (Table 1), with the exception of 


SiO. and COs, are considered to be part of the mineral. A required 


amount of CaO (0.3%) was deducted as COs is present as calcite. As 


pointed out by Fleischer (1960A), some other constituents, such as 


TABLE 2. Unit CELL CONTENTS OF PSILOMELANES, 0= 20.00 


rhis Paper Fleischer (1960A) 

La Abundancia 14 Psilomelanes 
Sum Cations 11.6 11.3 average 

Ba= .30 

Sr= .15 
Sum Ba Positions K = .33)1.23 1.26 average 

Na=.22! 

Ca= .23 
Mn** 8.43 8.18— 9.00 (range) 
Mn*? 1.57 0.90— 1.64 (range) 
Mn**/Mn*? 6.16 5.20—10.00 (range) 
H,0* 3.07 2.31— 3.09 (range) 


Average =2.71 


Sum Ba, Sr, Ca, K, Na+H,:O 4.30 3.46-— 4.51 (range) 
Average 3.97 
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Fe2O;, may not belong in psilomelane, but no attempt was made to cor- 
rect for this possibility. 

Although the data in Table 2 speak for themselves, there are a few 
points worth noting. 

1. The grouping of Ba, Sr, Ca, K and Na for the purposes of unit 
cell content calculation in psilomelane is a commonly accepted 
procedure. For example, it was used by Fleischer (1960A) in his 
Table 2. 

2. The ratio Mn**/ Mn* for cryptomelane is considerably higher than 
the largest value (10.00) reported by Fleischer (1960A) for any 
psilomelane. The specimen under study has a value for the Mn** 
Mn* ratio so low, that no cryptomelane can be expected and, 
therefore, the K2O plus Na2O cannot represent cryptomelane. This 
is an important point in view of the fact that the psilomelane-type 
mineral under discussion contains more potassium and sodium ions 
than it does barium and strontium. (If all the potassium and sodium 
were allocated to cryptomelane, the specimen would contain about 
50 per cent of that species.) Additionally, the analysis yielded 
significantly more H2,O* (5.3 per cent) than can be accounted for in 
a cryptomelane plus psilomelane mixture of approximately equal 
proportions. 

X-Ray DIFFRACTION 

The literature contains several references to poorly crystallized 
psilomelanes. Ramsdell (1932), in what is probably the first detailed 
x-ray study of specimens called psilomelane, reported a semi-amorphous 
type along with at least two other types (one of which was true psilome- 
lane, and the other was later described as the new mineral crypto- 
melane). He suggested that the semi-amorphous type may represent 
colloidal material as only very few diffuse x-ray lines were recorded. Un- 
fortunately, details of Ramsdell’s (1932) x-ray spacings were not pub- 
lished nor were any chemical data presented to establish the semi- 
amorphous specimens studied as being true psilomelane chemically 
(approx. 16 per cent BaQO) as defined by Vaux (1937). 

Similar difficulties are encountered with other reported occurrences of 
poorly crystallized psilomelanes. For example, Wilson and Rocha 
(1956B) mentioned a possible imperfectly crystallized psilomelane from 
the Talamantes district, Mexico, but they give neither x-ray nor chemical 
data. Fleischer (1960B) states that this specimen is not as well crystal- 
lized as most Talamantes specimens (such as Fleischer’s, 1960A, speci- 
men number 7) but it shows perhaps three-fourths of the lines on norma! 


exposure. Ramdohr (1956) described a psilomelane from Schneeberg, 
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Saxony, for which he reports only seven x-ray diffraction lines. Although 
this is obviously a poorly crystallized variety no chemical information is 
given for this psilomelane. (This writer realizes that additional work may 
show Ramdohr’s specimen may not be true psilomelane.) In Fleischer’s 


TABLE 3. X-Ray Powper Data ror LA ABUNDANCIA MINERAL 
AND SELECTED PSILOMELANES 


Psilomelane, Schneeberg 


. La Abundancia Mineral* Psilomelane, Schneeberg, 
Fleischer and Richmond (This Paper) Ramdohr (1956) 
(1943) ‘ 
d(A I d(A I d (A) I 
4.205 1 
3.825 1 
3.488 S 
3.318 2 
3.217 1 
2.972 1 
2.842 4 
2.663 1 
2.402 8 2.41 6 broad 2.38 m 
2.364 1 
2.251 3 
2.191 10 2.19 4 broad 2.16 m 
2.138 2 
1.816 5 1.82t very faint 1.81 s 
1.734 2 
1.712 2 1.72T very faint 1.71 ss 
1.636 2 1.62-1.64¢ — very faint band 
1.562 4 1.57t : ne 
1524 152+ very faint band 1.55 S 
1.424 4 1.42 10 1.42 m 
1.403 6 1.39 s/ss 
1.17 1 


* Filtered iron radiation; camera diameter 143.2 mm 


tT Seen only on films of long exposure. 


1960A) study of 14 authenticated psilomelanes, we are told that only 
the identity of the specimens had been proved by x-ray diffraction. In 
personal communication Fleischer (1960B) states that all of the 14 
psilomelanes reported by him (Fleischer, 1960A) give more or less ‘‘nor- 
mal” patterns except number 5 from Manila, Utah, which shows perhaps 
a dozen lines. 

lable 3 illustrates the differences between well crystallized and poorly 
crystallized psilomelanes or psilomelane-type minerals. In Table 3 the 
v-ray powder spacings of the La Abundancia specimen are given. They 
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are compared with those reported by Fleischer and Richmond (1943) 
for what is considered a well crystallized true psilomelane, as well as the 
x-ray spacings reported by Ramdohr (1956) from the psilomelane for 
which there has been no chemical verification. It is important to note 
that the weak, broad, diffuse bands (1.62—1.64 A and 1.52-1.57 A) and 
faint lines (1.82 and 1.72 A) of the La Abundancia mineral are seen only 
on films of long exposure and then sometimes only when specifically 
looked for. For all practical purposes, the La Abundancia mineral gives 
only three consistent easily recognizable lines: 2.41, 2.19 and 1.42 A. Un- 
published information received from Fleischer (1960B) reports that 
x-ray patterns like those from the La Abundancia mineral have been 
found at the U. S. Geological Survey on minerals from about 20 localities, 
including quite a few from Cuba. They range from patterns showing 
only two lines at 2.41 and 2.19 A to good psilomelane patterns. Qualita- 
tive tests showed barium was always present but no complete analyses 
have been made. 

The specimens of Fleischer and Richmond (1943) and Ramdohr (1956) 
are both from Schneeberg indicating both well crystallized and poorly 
crystallized examples occur at that locality. The reader is also referred 
to x-ray powder data on still another specimen from Schneeberg, re- 
ported by Gruner (1943), for slight differences in comparison with the 
Fleischer and Richmond (1943) results. Recently, Mukherjee (1959) has 
described what appears to be an authentic psilomelane (11-13% BaO) 
from India for which he has recorded almost twice as many lines as did 
Fleischer and Richmond (1943) and Gruner (1943). 

After being heated to about 550° C. (in air for one hour), the La 
Abundancia specimen gives an x-ray pattern whose chief constituent is 
identical to that of hausmannite. Also, a few weak extra lines are present 
and these most probably represent hollandite; there may also be a trace 
of bixbyite. Fleischer (1960A) has noted that true psilomelane changes 
to hollandite at about 550° C. sometimes accompanied by hausmannite 
or bixbyite. The behavior of the La Abundancia specimen, that is, giving 
a pattern of hausmannite rather than hollandite, is not surprising in view 
of its low BaO content. Levinson (1960) has reported that todorokite, 
which has almost identical contents of MnO, MnOs, SrO and Fe2Q; as 
the La Abundancia mineral, likewise inverts to give a hausmannite 
pattern at about 550° C. 

DISCUSSION 

The unusual manganese mineral here described has been shown to be 

chemically similar to psilomelane, but with significant isomorphous sub- 


stitution in the structural position normally occupied by barium. It 
seems highly unlikely that K, Na, Ca, and Sr are adsorbed in exactly 
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the amounts necessary to fit the chemical requirements of psilomelane. 
Also, it has been shown that the mineral is poorly crystallized and that 
its x-ray pattern is closely related to psilomelane. Throughout the study 
the writer has been particularly attentive to the possibility that some of 
the unusual aspects of this mineral may be explained by a mixture of two 
or more minerals. The evidence, however, overwhelmingly favors the 
conclusion that the specimen is monomineralic. 

The study of the La Abundancia mineral has raised many questions. 
Some of the more interesting might be: 

1. Do poorly crystallized psilomelanes or psilomelane-type minerals commonly have 


considerable isomorphous substitution of K, Na, Ca, and Sr for Ba as does the La 
Abundancia mineral? 


i) 


Is there a complete series between well crystallized psilomelane and amorphous ma 
terial (if it exists) of the same or similar composition? 


Unfortunately, the answer to these and other questions are not forth- 
coming from the present study. Many more poorly crystallized psilo- 
melanes and psilomelane-type minerals will have to be studied com- 
pletely before an attempt to answer these questions is justified. From 
the evidence and theory presented by Wadsley (1950), it would appear 
that significant chemical and structural variations can be expected. 


NOMENCLATURE 

The mineral psilomelane has been clearly defined by Vaux (1937), 
Wadsley (1952, 1953), and Fleischer (1960A) as a hydrated manganese 
oxide mineral with approximately 16 per cent BaO, undoubtedly in- 
cluding some SrO. It is unquestionable but that these writers consider 
psilomelane to be a well crystallized mineral. Accordingly, the speci- 
men from the La Abundancia mine described in this paper cannot be 
called psilomelane. 

The term psilomelane-type has been suggested by Fleischer and Rich- 
mond (1943) as a general name for those manganese oxide minerals 
which are massive, hard, and heavy and not specifically identified. The 
term is understood to include several distinct minerals, or mixtures, and 
no chemical formula should be given. Psilomelane-type has in the past, 
quite within the definition of Fleischer and Richmond (1943), been used 
for unidentified material with negligible BaO (such as cryptomelane and 
todorokite). 

It is certainly not the desire of this writer to cause confusion in termi- 
nology of the psilomelanes as now exists in minerals and synthetic 
products essentially MnO, in composition. However, this paper contains 
the description of a mineral which shows structural and chemical simi- 
larities to true psilomelane; hence, it is called psilomelane-type. Further- 
more, by virtue of its poor crystallization as determined by x-ray diffrac- 
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tion, and its low BaO content, the phrases poorly crystallized and low 
barium have been used in the title of this paper. It must be emphasized 
that at this time no specific or characteristic formula, or name, is as- 
signed to the mineral described in this paper. It is felt that future work 
on poorly crystallized psilomelanes and psilomelane-type minerals may 
find that the La Abundancia specimen is merely a member of a complex 
chemical and structural mineralogical series. 

The reader’s attention is called to manganomelane, an infrequently 
used term, which apparently embodies much of the meaning of psilo- 
melane-type as used by Fleischer and Richmond (1943) and has about 
20 years’ priority. (Manganomelane was proposed in 1923 by Klock- 
mann, but this writer was not able to obtain the original reference.) 
Ramdohr (1954) discusses manganomelane briefly, as do others. No 
less respected authorities than Rankama and Sahama (1950, p. 642) 
state that manganomelane is a very common mineral. A]though the term 
is currently rather vague in its meaning and extent, perhaps with a 
modified definition, .manganomelane may serve a useful function. 

Manganomelane is basically a useful term because it recognizes that 
all types of structural transitions exist between amorphous material (so- 
called ‘‘wad’’) and well crystallized specimens called psilomelane, 
pyrolusite, etc. Further, it recognizes chemical transitions or variations 
(K, Ba, Pb, etc.), as well as physical variations, from soft ‘‘wads” to 
hard compact materials called psilomelane. 

This writer suggests that the definition of manganomelane be modified 
to be used as a general name for all hard manganese oxide minerals, 
whether individual minerals or mixtures, not specifically identified. In 
other words, it would replace psilomelane-type as used by Fleischer and 
Richmond (1943). It would include: (1) amorphous as well as crystalline 
specimens and all transitions in between; (2) materials of greatly vary- 
ing composition; (3) materials of greatly varying physical properties; (4 
materials of all environments and conditions of formation—not only of 
colloidal nature as is required by the original definition. If mangano- 
melane is used in the sense suggested above, it would free the term 
psilomelane-type to be used for those specimens which are found to have 
chemical and/or structural characteristics, such as the La Abundancia 
mineral, similar to true psilomelane. The term wad should continue to be 
used for soft unidentified manganese oxide minerals. The division be 
tween wad and manganomelane, which is based on hardness (sometimes 
apparent), may be arbiirarily set at H=3. 

The point may be raised that wad itself is reported in some standard 
references with hardness up to H=6 and, therefore, why not use wad 
to describe all unidentified manganese oxide minerals regardless o! 
hardness? The answer to this is that the term wad, as well as numerou 
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other terms, has been used so loosely in the past that authorities can be 
found for anything. The use of wad for soft unidentified manganese 
oxide minerals follows the general usage of the term for the past 50 
years, especially in papers on the economic aspects of manganese 
minerals. 

Fleischer (1960B) states he is in favor of the term psilomelane-type 
(Fleischer and Richmond, 1943) being replaced by manganomelane as 
the former led to confusion. 
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STABILITY RELATIONS OF [TRON AND MANGANESE 
MINERALS: PHASE EQUILIBRIA AT LIQUIDUS TEM- 
PERATURES IN THE SYSTEM IRON OXIDE- 
MANGANESE OXIDE-SILICA IN AIR* 


ARNULF MUAN AND SHIGEYUKI SOmiya,t College of Mineral Industries, 
The Pennsylvania State University, University Park, Pennsylvania. 


ABSTRACT 

The quenching technique has been used to study phase relations in the liquidus tem 
perature region of the system iron oxide-manganese oxide-silica in air, which represents 
the 0.21 atm. O: isobaric section through the quaternary system Fe-Mn-Si-O. The fol 
lowing crystalline phases exist in equilibrium with liquids in the system: Silica (cristo 
balite or tridymite, depending on temperature), rhodonite (MnO-SiO:), tephroite 
2MnO-SiO,), spinel solid solution (approximately FesO.-Mn;O0,). Dominant among the 
primary phase areas are those of silica and spinel, whereas the stability fields of rhodonite 
and tephroite are restricted to minor areas adjacent to the manganese oxide-silica join 
\n area comprising mixtures giving rise to two coexisting immiscible liquids occupies a 
large part of the diagram. Liquidus temperatures in general decrease from the iron oxide 
silica join to the manganese oxide-silica join. The lowest liquidus temperature in the system 
in air is 1205° C. Paths of crystallization of representative mixtures are discussed, with 
special emphasis on the complications arising because of the presence of a temperature 


minimum on the liquidus curve of the bounding system iron oxide-manganese oxide 


INTRODUCTION 


Stability relations among iron silicates have been the subject of many 
investigations over the last three decades. There has also been consider- 
able interest in manganese silicates during the recent years. In natural 
occurrences as well as in technologically important systems the oxides 
and silicates of iron and manganese are commonly closely associated with 
eath other. Hence a knowledge of phase relations existing among the com- 
ponents iron oxide, manganese oxide and silica is important to petrology, 
to ore genesis and to research on steelmaking processes. 

The present work represents the first step in our attempt to investi- 
gate such equilibria. For practical reasons we have chosen to study the 
system in air. In so doing we are traversing the quaternary system 
Fe-Mn-Si-O along the 0.21 atm. Oy isobar at a total pressure of 1 atm. 
For purpose of simplified illustration this irregularly curved surface may 
be projected onto a chosen plane, and the resulting diagram has the 
appearance of a ternary system. Methods of projecting and interpreting 
such diagrams have been discussed in several previous papers from our 


* Contribution No. 59-12 from College of Mineral Industries, The Pennsylvania State 
University, University Park, Pennsylvania 

+ Present address: Research Laboratory of Engineering Materials, Tokyo Institute of 
rechnology, Tokyo, Japan 
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laboratories (Muan and Osborn, 1956; Muan, 1957a, 6, 1958; Phillips 
and Muan, 1959), and their application to the present system will be 
dealt with in some detail in later sections of this paper. 


PREviousS WorK 
The three bounding ‘‘binary’’* systems have been studied in con- 
siderable detail, but no systematic study of the ‘ternary’? system has 
been reported in the literature. The system iron oxide-silica in air was 
studied by Darken (1948) and by Muan (1955) as part of more extensive 
investigations of the system FeO-Fe:0;-SiO.. The diagram shown in 
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Fic. 1. Diagram showing phase relations in the system iron oxide-SiQ, in air, after 
Muan (1955, 1957a). The system is not binary, but rather an oxygen isobaric section 
through the system Fe-Si-O, as explained in the original papers. 


Fig. 1 is reproduced from Muan (1957a). Phase relations in the system 
manganese oxide-silica in air were determined recently by Muan (1959), 
and the diagram is reproduced in Fig. 2. The phase diagram for the sys- 
tem iron oxide-manganese oxide in air is shown in Fig. 3, based on the 
recent studies by Muan and Sdmiya (in press). Particular attention is 


* These systems are not truly binary, but will be referred to as such for sake of sim 
plicity. The term ternary is used with the same limitation throughout this paper. 
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Fic. 2. Diagram illustrating phase relations in the system manganese oxide-SiQ in air 
after Muan (1959 


the system Mn-Si-O, as explained in the original paper 


Che system is not binary, but rather an oxygen isobaric section through 


called to the temperature minimum on the liquidus curve and the 
stabilization of the spinel structure of magnetite relative to the hexag- 
onal structure of hematite as manganese oxide is added to iron oxide. 


EXPERIMENTAL METHOD 

General Procedure 

The quenching technique was used in this investigation. Starting 
materials made up from pure oxides were held in platinum containers at 
selected temperatures in air until equilibrium was established among gas 
and condensed phases. The samples were then quenched rapidly to room 
temperature and the phases present determined by microscopic and 
x-ray examination. 


Starting Materials 


Reagent grade chemicals served as starting materials. The source of 
silica was ‘“‘Baker Analyzed”’ silicic acid, which was dehydrated by igni- 
tion at 1200° C. for 24 hours. The iron oxide used was ‘“‘ Baker Analyzed”’ 
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FesO; which was dried by heating at 400° C. for 12 hours, and the 
manganese oxide used was ‘‘Baker Analyzed”? MnQoz. 

After grinding and mixing these materials in required proportions, each 
mixture was preheated at suitable temperatures to slowly decompose the 
starting oxides to those stable at high temperatures. This process had to 
be carried out with utmost caution because the higher oxides of manga- 
nese (notably MnOs, also Mn2QO;) give off oxygen violently with the 
result that material may be lost by splashing of the melts. The tempera- 
ture of the final heating step was in most cases above the liquidus, and 
the melt thus obtained, after cooling to room temperature, consisted of 
glass or a heterogeneous product with small quench crystals scattered 
over the entire mass. 
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Fic. 3. Diagram showing phase relations in the system iron oxide-manganese oxide, 
alter Muan and Sdmiya (in press). The system is not binary, but rather an oxygen isobaric 
section through the system Fe-Mn-O, as explained in the original paper 
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Furnaces and Temperature Control 


Most of the quench runs were carried out in vertical tube furnaces with 
resistance windings of platinum or an 80°) platinum—20% rhodium 
alloy. Constancy of temperature in these furnaces was maintained by 
commercial electronic equipment activated through a thermocouple 
(platinum—90°% platinum 10°; rhodium) inserted close to the hot spot 
of the furnace. Actual temperatures were read with a platinum—90% 
platinum 10° rhodium thermocouple calibrated against known melt- 
ing points defined as follows: Gold (Au), 1063° C.; diopside (CaMgSi20¢), 
1391.5° C.; pseudowollastonite (CaSiO;), 1544° C. Quench runs at 
temperatures above 1515° C. were carried out in a gas-air-oxygen com- 
bustion furnace in which air atmosphere was maintained around the 
sample by means of a zirconia protection tube separating the sample 
from the combustion chamber. Temperatures in this furnace were meas- 
ured with an optical pyrometer calibrated at the following fixed points: 
Melting point of pseudowollastonite, 1544° C.; lower limit of formation 
of two liquids in a 90% SiO.-10% CaO mixture, 1707° C.; melting 
point of platinum, 1769° C. 

Temperatures reported in the present paper are according to the Geo- 
physical Laboratory Scale up to 1550° C., and according to the 1948 
International Scale at higher temperatures. Correction factors for con- 
verting temperatures from one of these scales to the other are found in a 
paper by Sosman (1952). Below 1550° C. the two scales are almost 
identical. 


Examination of Quenched Samples 


The phases present in quenched samples were determined mainly by 
microscopic examination. Both transmitted as well as reflected light 
techniques were used. The former technique was useful for identification 
of SiO» (tridymite or cristobalite) and manganese silicates, whereas the 
latter was far superior for identification of the spinel phase. Also, the 
reflected light examination of polished sections was found to be much 
more reliable for distinguishing primary crystals grown in equilibrium 
with liquids at high temperatures from those formed during quenching 
of the liquids. The former crystals not only are larger, but in addition 
they show sharp outlines as distinguished from the irregular dentriti 
shapes of the quench crystals. 

The identity of crystalline phases was further confirmed by x-ray 
investigation, using either a Norelco or a GE-X RD-3 spectrometer unit 
with iron radiation. The x-ray technique was also used to determin« 
compositions of the spinel solid solution crystals appearing in equilibrium 
with liquids. The GE-XRD-3 unit was used for this purpose. The 
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machine was run at a scanning rate of 1/5° 2 @ per minute, and NaCl was 
used as an internal standard. 
RESULTS 
Results of significant quench runs are illustrated graphically in Fig. 
1.* The diagram presented in this figure is a simplified representation of 
phase relations along the 0.21 atm. Os» isobar through the quaternary 
system Fe-Mn-Si-O. A quaternary system is usually represented by a 








Ww 


Fic. 4. Diagram illustrating phase relations at liquidus temperatures in the system iron 
oxide-manganese oxide-silica in air, based on data obtained in the present investigation 
Heavy lines are boundary curves, with arrows pointing in directions of decreasing tem 
peratures, lines with stippling on one side indicate limits of two-liquid region, and light 
lines are liquidus isotherms. Dash lines are used in regions of the diagram where data are 


sporadic or lacking. Dots represent compositions of mixtures studied 


regular tetrahedron, and the isobaric situation referred to above corre- 
sponds geometrically to an irregularly curved surface traversing the 
tetrahedron. The diagram presented in Fig. 4 is obtained by projecting 
points from the irregularly curved surface onto the plane FesOy-Mn,O¢- 


Che detailed results of the significant quench runs are available from the American 
Documentation Institute, Auxiliary Publications Project, c/o Library of Congress, Wash 
gton 25, D. C.; Document No. 6627; Price $1.25 for photoprints or 35 mm. microfilm. Ad 
vance payment is required, made out to Chief, Photoduplication Service, Library of 
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SiOz. The triangular diagram thus obtained has the appearance of a 
ternary system, and can also be treated like a ternary system as far as 
path of crystallization is concerned. However, it is important to keep in 
mind that isobaric invariant points in the triangular diagram in reality 
are intersections between the Oz isobaric surface (Po,=0.21 atm.) and 
quaternary univariant lines. (Compare a previous paper from our labo- 
ratories, Muan 1958). 

The most significant features of the phase relations are as follows: 
The crystalline phases occurring in equilibrium with liquids in the system 
are silica (tridymite or cristobalite, depending on temperature), rhodo- 
nite, tephroite and spinel solid solution. The first and the last of these 
phases (silica and spinel) together occupy approximately 99°% of the 
composition area, whereas the fields of rhodonite and tephroite are re- 
stricted to minor areas adjacent to the manganese oxide-silica join. The 
field of tephroite in particular is very small, as only traces of iron oxide 
make the orthosilicate phase unstable in air. Liquidus temperatures de- 
crease rapidly from the high temperature plateau (~1700° C.) charac- 
terizing the part of the system where two immiscible liquids coexist in 
equilibrium, to the 1200-1450° C. range along the tridymite-spinel 
boundary curve. Temperatures along the latter decrease in the direction 
from the iron oxide-silica join toward the manganese oxide-silica join. The 
lowest liquidus temperature is 1205° C. The liquidus curve in the sys- 
tem iron oxide-manganese oxide in air has a temperature minimum 
which gives rise to a trough extending part way into the “ternary” sys- 
tem as SiO» is added. This trough “dies out” before reaching any of the 
boundary curves in the “ternary” system, and hence no temperature 
minima are present along these curves. 

There are two isobaric invariant situations in the system, charac 
terized by the following phase assemblages: At 1205° C. and an O 
pressure of the gas phase of 0.21 atm. tridymite, rhodonite, spinel and 
liquid of composition 9 wt.[@ Fe;O4, 52 wt.W¢ MnyQy, 39 wt.e SiOs* 


coexist in equilibrium. Also at 1205° C. and the same Oy» partial pressure 


rhodonite, tephroite, spinel and liquid of composition <0.5 wt.“ 


Fe;O4, ~ 45.5 wt.[¢ Mn3;O,4 and ~54 wt. SiO: are present together in 


stable equilibrium. 


Of the crystalline phases occurring in the system, silica (tridymite or 


cristobalite) is a pure phase corresponding to the chemical formula SiO: 
Rhodonite has a slight variation in MnO SiQ, ratio (compare Fig. 2 
and probably takes some iron oxide (ferrosillite) into solid solution 


Tephroite probably also contains some iron oxide (fayalite) in solid solu 


otal iron oxide expressed as Fe;O, and total manganese oxide expressed as Mn,;Q, 
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tion. These two phases are represented in a simplified manner by the 
composition points MnO-SiO. and 2MnO-SiOz, respectively, in the 
diagrams. Magnetite (Fe;04) and the cubic form of hausmannite 
(Mn3Q0,) form a continuous solid solution series (spinel) at high tempera- 
tures (compare Fig. 3). 

In order to illustrate relation of compositions of spinel and liquid 
phases coexisting in equilibrium, a diagram of fractionation curves is 
shown in Fig. 5. Fractionation curves are constructed from conjugation 
lines in such a way that the latter are tangent to the former. (A conjuga- 
tion line is a straight line connecting points representing compositions 
of two coexisting phases.) The diagram in Fig. 5 is a simplified drawing 
inasmuch as it illustrates projections onto the plane FesQy-Mn3Q,-SiO: of 
fractionation curves traversing the tetrahedron representing the system 
Fe-Mn-Si-O. 

DISCUSSION 


We will focus our attention in the following on the courses of crys- 
tallization of mixtures where spinel is one of the phases present. These 








Z : ix ae ee a * v1 — ws 
Fe.0 ca} z) % ——r =a % a) 30 
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Fic. 5. Diagram illustrating as medium dash-dot lines fractionation curves in the system 
m oxide-manganese oxide-silica in air. Other line symbols used have the same meanings 
s explained in legend to Fig. 4 
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relations will be discussed by choosing specific compositions as examples 
to show the principles involved. 

Two limiting types of crystallization are generally recognized, frac- 
tional crystallization and equilibrium crystallization. The former term 
refers to a crystallization taking place under conditions such that no 
reaction takes place between the crystals formed at any instant during 
crystallization and the liquid with which they are in contact. In this 
case the crystallization path follows the fractionation curves until a 
boundary curve is reached. From there on the liquid composition usually 
changes along the boundary curve, and the last trace of liquid disap- 
pears only after an invariant point has been reached. Hence, in the 
present system liquid under this type of crystallization will disappear 
at the temperature of one of the isobaric invariant situations at 1205° C. 
(see Fig. 4) or at the maximum (1220° C.) on the rhodonite-spinel 
boundary curve. 

Somewhat more complicated is the derivation of paths of crystalliza- 
tion under equilibrium conditions, that is when the liquid during the 
crystallization process reacts with the crystals to make the composition 
of all crystals uniform at any instant. This equilibrium path can be de- 
rived by methods described particularly well in several contributions by 
members of the Staff of the Geophysical Laboratory of the Carnegie 
Institution of Washington. (See for instance papers by Bowen and 
Schairer, 1935, and by Osborn and Schairer, 1941.) The application of 
these principles to systems in which changes in oxidation states take 
place, such as in the present case, has been discussed in papers from our 
laboratories. (See for instance a paper in 1958 by Muan. 

Examples of paths of equilibrium crystallization are given in Figs. 
6-8. Consider first mixture A in Fig. 6. Spinel crystals start separating 
out at approximately 1530° C., the first crystals having the composition 
a’. Upon further cooling, more crystals of spinel with composition chang- 
ing from a’ to a” separate out, and the liquid composition changes along 
the curved path (heavy solid line) from A to az. At the latter point the 
liquid has become saturated with SiO», and tridymite and spinel crys- 
tallize together as the liquid composition changes along the boundary 
curve from az to a3 and the spinel composition changes from a” toa’”’ 
The last trace of liquid disappears at the temperature corresponding to 
point a3, approximately 1340° C., leaving as end product a mixture of 
tridymite and spinel, the former of composition SiOz, the latter of uni- 
form composition a’”’ 

Mixtures B, C and D behave similarly, the final product of crystalliza- 
tion in all cases being the same as in mixture A. However, the early 


stages of crystallization differ, depending on the composition of the 
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original mixture. Mixture B consists of one homogeneous liquid above 
1600° C. At the latter temperature silica starts separating out, and the 
liquid composition changes along the extension of the straight line from 
the SiO, corner through point B. As the liquid composition reaches point 
b;, spinel crystals of composition 0’ start separating out, and as more heat 
is withdrawn from the system, silica and spinel of continuously changing 
composition (6’-a’’’) crystallize out together. The behavior of mixture C 


S02 








WT % 


Fic. 6. Diagram showing paths of equilibrium crystallization of selected mixtures in the 
system iron oxide-manganese oxide-silica in air. In addition to boundary curves and liquid 
us isotherms shown in Fig. 4, the following line symbols are used in the present diagram 
Medium dash-dot lines are fractionation curves, heavy solid lines paths of equilibrium 
crystallization, light lines liquidus isotherms, and lines with stippling on one side are limits 
of two-liquid region. Open circles with accompanying letters refer to mixtures and compo 
sitions of phases as discussed in the text. Light straight dash lines are conjugation lines 
connecting points representing compositions of phases coexisting in equilibrium 


is slightly different in that two immiscible liquid phases (c; and ¢2) co- 
exist in equilibrium slightly above liquidus temperature. The first crys- 
talline phase to appear is silica (cristobalite), and as this crystallizes out 
the composition of liquid c; changes toward c; and that of c2 toward ¢4, 
and the relative amount of the latter decreases toward zero. As more 
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heat is withdrawn from the system, silica continues to crystallize from a 
homogeneous liquid, and the further path of crystallization is analogous 
to that of mixture B. Mixture D behaves almost identically to C except 
that first a homogeneous liquid phase is present above liquidus tempera- 
ture, this is followed by a temperature range of stable existence of 
cristobalite and one liquid phase, then a temperature range of coexistence 
of cristobalite and two liquids. From the latter point on, the crystalliza- 
tion path is identical to that of C 

The following sequence of phase changes is observed in mixture FE 
during equilibrium crystallization: Spinel crystals of composition 
changing from e’ to e’’ separate out between approximately 1480 and 
1215° C., with liquid composition changing along the curved path (heavy 
solid line) from F to es. With silica (tridymite) and spinel crystallizing 
together, the liquid composition changes along the boundary curve from 
e, to es until at the temperature of the latter (approximately 1205° C.) 
rhodonite separates out together with the other crystalline phases and 
the liquid disappears completely. 

It will be noticed that in all mixtures chosen as examples so far the 
iron oxide manganese oxide ratio of the spinel phase decreases as the 
equilibrium crystallization process proceeds with decreasing tempera- 
ture. This is not the case with all mixtures in the system iron oxide- 
manganese oxide-silica in air, as is demonstrated in Fig. 7, showing the 
composition area adjacent to the manganese oxide apex of the triangle 
representing the system. There are three straight lines which are par- 
ticularly important for purposes of classifying crystallization phenomena 
in this area. The first of these is the conjugation line joining the composi- 
tion of the liquid at the isobaric invariant point e; with point e’”’ (com- 
pare Fig. 6) representing composition of the spinel phase in equilibrium 
with that liquid. The second is the straight fractionation curve go-g”’ 
(compare Fig. 5) separating those with a convex curvature to the right 
from those with a convex curvature to the left. The third is the extension 
(ko-k”’) of the line joining the MnO-SiO. composition point with the 
maximum on the rhodonite-spinel boundary curve. This maximum is 
determined as the point on the boundary curve for which the liquid- 
spinel conjugation line (the tangent to the fractionation curve) points 
toward the MnQO-SiO, composition point. Mixtures F, G, H, K, M in 
Fig. 6 are located to the left of line go-g’’, on line go-g’’, between lines 
go-g’’ and k»-k’’, on line k2-k’’, and to the right of line k.-k’’, respectively, 
in that order. During equilibrium crystallization of these mixtures the 
liquid compositions follow paths which can be derived from fractiona- 
tion curves by methods analogous to those used in connection with 
Fig. 6. For the present discussion we are mainly concerned with the di- 
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rection of change of iron oxide/manganese oxide ratios of the spinel 
phase as temperature decreases and crystallization progresses. In mix- 
ture F this ratio first decreases from f’ to f” as the liquid composition 
changes along the curved path (heavy solid curve) from F to fs, and 
then increases from f” to f’” as the liquid composition changes along the 
rhodonite-spinel boundary curve from f2 to f;. The same type of reversal 
of change of iron oxide /manganese oxide ratio of the spinel phase is en- 
countered in all mixtures in the spinel primary field between lines e3-e’”’ 
and go-g’’. 

Mixture G is located on line go-g’’. In this case the straight line go-g”’ 
not only is the fractionation curve but also the first part of the path of 
crystallization. As the liquid composition changes along this line the iron 
oxide manganese oxide ratio of the spinel phase remains constant (g”’), 
and only as the liquid composition later changes along the rhodonite- 
spinel boundary curve from gs to g; does the iron oxide/manganese 
oxide ratio of the spinel phase change (from g” to hag 
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Fic. 7. Diagram illustrating paths of equilibrium crystallization of selected mixtures 
ocated in the spinel field in manganese oxide rich part of the system iron oxide-manganese 
oxide-silica in air. Line symbols used have the same meanings as explained in legend to 
Fig. 6. 
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In mixture H, located between lines go-g’’ and ko-k”’, the iron oxide 
manganese oxide ratio of the spinel phase increases continuously during 
the crystallization process, first from h’ to h” as the liquid composition 
changes along the heavy solid line from H to /2, and subsequently from 
h” to h’” as the liquid composition changes along the rhodonite-spinel 
boundary curve from fz to hs. 

Mixture A is located on line ky-k’’. As crystallization proceeds under 
equilibrium conditions in this mixture the iron oxide/manganese oxide 
ratio of the spinel phase increases from k’ to k” as the liquid composi- 
tion changes along the curved path (heavy solid line) from K to ko. As 
the latter point is reached, the liquid phase disappears, and iron oxide 
manganese oxide ratio of the spinel remains constant. 

Mixture M is located on the right side of line ke-k’’, and a reversal in 
the direction of change of composition of the spinel phase takes place 
during the crystallization. The iron oxide; manganese oxide ratio first 
increases from m’ to m” as the liquid composition changes from M to mo, 
and then decreases from m” to m’” as the liquid composition changes 
from my» to m3. 

A couple of examples of paths of crystallization involving liquids in 
the field of rhodonite will be discussed, because of the complications 
arising from the incongruent melting of this compound. The relations 
are illustrated in Fig. 8. 

The behavior of mixture .V is very simple. Tridymite starts separating 
out at approximately 1400° C., and the liquid composition changes 
along the straight line .V-m2. At the latter point rhodonite starts separat- 
ing out, and tridymite and rhodonite coexist in equilibrium with a 
liquid changing composition along the boundary curve from mz to nz. 
At the temperature of the latter, approximately 1205° C., the liquid 
phase disappears, leaving as end product a mixture of tridymite, rhodo- 
nite and spinel. 

The sequence of phase changes taking place during equilibrium crys- 
tallization of mixture P is more complicated. As tridymite starts to 
crystallize out at approximately 1300° C. the liquid composition changes 
along the straight line from P to po. At p2 rhodonite starts to crystallize 
and tridymite to dissolve, and the liquid composition changes along 
the tridymite-rhodonite boundary curve from p2 to p;. At the latter 
point the last trace of tridymite has disappeared, and with rhodonite 
as the only crystalline phase present the liquid composition changes 
along the straight line from p; to ps. Spinel (composition p’’’’) starts to 
separate out together with rhodonite at the temperature corresponding 


to ps, and the liquid composition now changes along the rhodonite-spinel 
boundary curve from f, to m3. At the temperature of the latter point, 
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TO Si0, 







RHODONITE 


—TEPHROITE 


&''2Mn0 Si03' 





/ 
4 
/ SPINEL 
1900 —_, “Hf 
~~ 1500 — / ‘ 
a ; yv Vv 
Orel ” 70 80 30 MnO 


WT. % 


Fic. 8. Diagram illustrating paths of crystallization of selected mixtures in vicinity of 
rhodonite field in the system iron oxide-manganese oxide-silica in air. Line symbols used 
have the same meanings as explained in legend to Fig. 6. 


approximately 1205° C., tridymite again makes its appearance in the 
phase assemblage as the liquid disappears, and the end product is a 
mixture of tridymite, rhodonite and spinel. 
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NEIGHBORITE, NaMgF;, A NEW MINERAL FROM THE 
GREEN RIVER FORMATION, SOUTH OURAY, UTAH* 


E. C. T. CHAao, Howarp T. Evans, JR., BRIAN J. SKINNER AND 
CHARLES MILTON, U’. S. Geological Survey, Washington, D. C. 


ABSTRACT 


Neighborite, NaMgFs, occurs in the dolomitic oil shale of the Eocene Green River for- 
mation of South Ouray, Uintah County, Utah. It is associated with dolomite and quartz, 
and the accessory minerals burbankite, nahcolite, barytocalcite, garrelsite, wurtzite, cal 
cite, and pyrite. The mineral occurs in pink rounded grains or in clear twinned octahedral 
crystals 0.1 to 0.5 mm. in diameter. It has a vitreous luster, uneven fracture, a hardness of 
4.5, and is insoluble in water. The specific gravity is 3.03 (measured) and 3.06 (calculated) 
Neighborite is optically anisotropic with very low birefringence and a mean index of refrac 
tion 1.364. The crystals are invariably complexly twinned. 

X-ray powder patterns show that neighborite is isostructural with perovskite, CaTiO; 
The pattern was indexed on an orthorhombic unit cell having a probable space group 
Pcmn, with dimensions a= 5.363 A, b=7.676 A and c=5.503 A. The expansion of the unit 
cell was followed to 954° C. using a heating stage on the diffractometer. At 760° C. the or 
thorhombic a and ¢ axes coalesce and from 760° to 900° C. the cell is tetragonal or pseudo 


tetragonal with a=3.942 A and c=3.933 A (at 760° C.). At 900° +25° C. the unit cell be 


comes cubic with a=3.955 A. The crystal structure of neighborite is interpreted in terms 
of the known structure of perovskite. 


INTRODUCTION 


In an extended study of the mineralogy of the Green River formation 
of Utah and Wyoming, one of the minerals found in the dolomitic oil 
shale proved to be a sodium magnesium fluoride, previously undescribed 
as a mineral. Its x-ray powder diffraction pattern immediately showed 
that it belongs to the perovskite family of crystal structures of formula 
type ABX;. The present study substantiates the suggestion made by 
Ludekens and Welch (1952) that NaMgF; is among a group of fluorides 
whose structures appear to belong to the various modifications of the 
perovskite type. The significance of the mineral was further enhanced 
when it became apparent that its structure is closely analogous in detail 
to that of perovskite itself. In this paper the occurrence, physical proper- 
ties, crystallography and thermal properties of the new mineral are 
described. The mineral is named “‘neighborite” in grateful acknowledg- 
ment of the continued friendly interest and helpfulness of Mr. Frank 
Neighbor, District Geologist of the Sun Oil Co. at Salt Lake City. 
rhrough Mr. Neighbor’s efforts the specimens of South Ouray and Sun- 
Havenstrite well cores and cuttings were preserved and made available 
to us, thus making possible the discovery of not only neighborite but 


* Publication authorized by the Director, U. S. Geological Survey. 
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also the new mineral garrelsite with elpidite and burbankite in the Utah 
Green River formation. 

We wish to express our thanks to three of our colleagues: Blair Jones 
for his help in the synthesis of neighborite, Nola B. Sheffey for the 
spectrographic analysis, and Daniel E. Appleman for the calculated d- 
spacings of neighborite obtained with the Burroughs 220 calculator. 


GEOLOGIC OCCURRENCE 


Neighborite was first found as clusters of pink and brown rounded 
grains in a dark brown to grayish black dolomitic oil shale of the Green 
River formation of South Ouray, Utah. It is associated with burbankite, 
nahcolite, wurtzite, barytocalcite, garrelsite, pyrite, calcite, and quartz. 
Cores from the South Ouray well at an unknown depth but somewhere 
between 1700 and 2300 feet consist of layers of fine-grained dark brown 
to black dolomitic oil shale interbedded with layers of coarsely crystal- 
line material of barytocalcite and nahcolite. Most of the crystals of 
neighborite which occur at the top of the fine-grained shale layer are 
rounded to subrounded as shown in Fig. 1. This fine-grained shale layer, 
as shown by its x-ray powder pattern, consists essentially of dolomite and 
quartz with a minor trace of feldspar. Some rounded neighborite occurs 
in discrete grains as inclusions in crystals of barytocalcite in the coarsely 
crystalline layers. 

Neighborite also occurs as cream-colored or clear, colorless octahedral 
crystals (Fig. 2). Such crystals were obtained from the well cuttings of 
the Sun Havenstrite well of Uintah County, Utah, at various depths. 
The crystals used in this study occur in cuttings that were collected 
from a depth of approximately 1930 feet within an interval of 10 feet. 
Besides fragments of oil-bearing dolomitic shale, the cuttings contain 
barytocalcite and pyrite. The total amount of neighborite obtained is 
less than thirty milligrams. 

The mineral has so far been found only from these two wells in Utah, 
which are located less than a mile apart in an area about 5 miles SSE of 
South Ouray, Uintah County, Utah. Cryolite, NajAlFs, has been 
found in the oil shales of the Green River formation from Colorado. The 
dolomitic oil shale there contains dawsonite, NaAl(CO;)(OH)s, and 
nahcolite. 


PHYSICAL AND OpTICAL PROPERTIES 


Neighborite has a vitreous luster, an uneven fracture, no distinct 
cleavage, and a hardness of 4.5. Neighborite is insoluble in water but 
slowly soluble in hydrochloric or nitric acid and more rapidly in sulfuric 


acid. The specific gravity of neighborite was determined both by the 
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Fic. 1. Typical habit of neighborite crystals: (a) rounded crystals on a thin layer 


of dolomitic oil shale; (b loose clusters of rounded and oblong ¢ ry stals 


uspension or sink and float method using methylene iodide-bromoform 
mixtures, and with the Berman precision microbalance. Under a binocu- 
ir microscope, a 0.3-mm. diameter grain was observed to be suspended 
vithin the liquid column in a nearly stationary position for five to ten 
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minutes. The specific gravity of neighborite determined in this way is 
3.02. In another test, a sample of 4.90 mg. of the best hand-picked 
octahedral crystals of neighborite was used for determination of its 
specific gravity with the Berman balance. The specific gravity so 
measured is 3.03+0.03. 

Optically, the crystals are measurably anisotropic, but show very low 
birefringence about 0.003. The mean index of refraction measured with 
sodium light at 25° C. is 1.364+0.002. The crystals invariably show 








Fic. 2. Clear, single and interpenetrating crystals of neighborite 


complex ill-defined polysynthetic twinning and consequently the optical 
properties cannot be determined completely. 

The octahedral crystals often show, in addition to the complex micro- 
scopic twinning, apparent interpenetration twinning. Besides the octa- 
hedral forms {111} the crystals show small cube faces {100} which 
truncate the octahedral faces. The fact that all of the crystals studied 
are multiply twinned was shown by the single crystal x-ray studies. 


CHEMICAL COMPOSITION AND SYNTHESIS 


Because of the small amount of clean sample at our disposal, a com- 
plete chemical analysis of the mineral was not possible. One small 
sample weighing several milligrams was submitted for spectrographi 
analysis.- The semiquantitative analysis of the mineral shows major 
amounts of Na,Mg,F, and Si. The results of the minor elements are 
shown in Table 1. The silica shown in the analysis is due to the small 
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amounts of quartz impurities present in the sample; the presence of 
quartz was also evident in the x-ray powder patterns. The theoretical 
formula, NaMgF;, requires F 54.64%, Na 22.05%, and Mg 23.31%. 
The composition of this mineral was finally established by comparison 
with the artificial compound NaMgF; which can be easily synthesized 
in the laboratory by our method described below, or by a method de- 
scribed by Ludekens and Welch (1952) or by Blair Jones’ method. 


PABLE 1. SPECTROGRAPHIC ANALYSIS OF THE MINOR ELEMENTS OF NEIGHBORITE 
NaMgfk;, From SoutH Ouray No. 1 WELL, Urntan County, UTAnT 


Ca 0.5 La 0.02 
Sr 0.3 Yb 0.01 
Fe 0.2 te 0.01 
Ti 0.06 Se 0.01 
V 0.05 B 0.005 
Y 0.04 Cu 0.004 
Zr 0.03 Be 0.0005 


+ Analyst: Nola B. Sheffey 


Our method of preparation consists of grinding stoichiometric proportions 
of NaF and MgF, in an agate mortar and then sintering the mixture in 
air at 750° C. for 5 hours. The fine-grained crystalline aggregate pro- 
duced gives an x-ray powder diffraction pattern identical to that of the 
natural mineral neighborite (Table 2). 

This compound has also been synthesized at much lower tempera- 
tures by Blair Jones at 300° C. and 30,000 bars water pressure and at 
$50° C. and 30,000 bars water pressure. Unfortunately, no single crys- 
tals suitable for x-ray investigation were produced. 

The natural environment represented by the dolomitic oil shale in 
which neighborite occurs is that of a low temperature condition. Al- 
though the smal! amount of the mineral present seems geologically in- 
significant, the chemical environment was probably such that magne- 
sium was abundant and aluminum deficient. The fluorine that was 
present therefore combined with sodium to form neighborite instead of 
rvolite. 


CRYSTALLOGRAPHY 


Buerger precession photographs of neighborite single crystals (using 
MoKae radiation) are consistent, to a first approximation, with a cubic 
unit cell having a=7.67 A. The optical properties, the lack of true sym- 
metry planes shown by the intensity of the reflections, and poor quality 
of the single crystal patterns strongly suggested that the true symmetry 
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of the crystal is lower than cubic, and that a pseudocubic aspect is pro- 
duced by multiple twinning. After several crystals had been studied by 
the precession method, it seemed likely that the best chance of success 
in determining the cell constants and space group of neighborite lay in a 
study of the powder pattern. 

The x-ray powder diffraction photograph of neighborite shows a re- 
markable resemblance to that of perovskite, CaTiO;, both in d-spacing 


values and intensity of the reflections. As shown in Fig. 3 the corre- 
spondence is so good that thére is no doubt that neighborite not only has 
the general perovskite type of structure, but also possesses the same 


Me 





F l Fic. 3. X-ray powder diffraction patterns of (a) neighborite and (b) perovskite from 
Magnet Cove, Arkansas. (Patterns made with CuKa radiation, and a 57.3 mm. diameter 
camera.) 


type of distortions and superstructure of the simple cubic ABX; pseudo 
unit that are characteristic of perovskite itself. This hypothesis is amply 
confirmed by the detailed crystallographic and thermal measurements to 
be described in the following sections. Such a correspondence is not sur- 
prising in view of the close similarity of the radii of the ions involved: 


ABX; CaTiO; NaMgF 
A 0.99 4 0.95 A 
B 0.68 0.65 
X 1.40 1.36 


The powder diffraction data were measured from patterns made with 
film and the Philips diffractometer. Although the powder pattern of 
perovskite has never been correctly indexed, with the probable space 


group and the unit cell given for synthetic CaTiO; by Kay and Bailey 
(1957) the powder pattern of neighborite was successfully indexed. The 


cell dimensions of neighborite were determined from a careful measure- 
ment of the 200, 040 and 002 reflections on the diffractometer record. 
The measured and calculated data for neighborite are listed in Table 2. 
The dimensions of the unit cell and pseudocell are given in Table 3, in 
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comparison with corresponding dimensions for CaTiO; as given by Kay 
and Bailey (1957). The statement by Ludekens and Welch (1952) that 
NaMgF; is tetragonal at room temperature (with a=7.65 and c=7.30 
kX) is not supported by our work. 

The specific gravity of neighborite calculated from the measured unit 
cell volume with 4 formula units per cell is 3.06, in good agreement with 
the value 3.03+0.03 measured as described above. 

Concerning the crystal structure of neighborite, no direct analysis of 
it is possible at this time, and we can only assume that it is closely similar 
to that of perovskite. We rely, therefore, on the penetrating study of this 
difficult problem made by Kay and Bailey (1957). They proved that 
the structure of CaTiO; has orthorhombic symmetry, and that the 
probable space groups are Pemn or Pc2\n. By a detailed analysis of the 
structure, they concluded that Pcmn is the correct one, and we may as- 
sume that neighborite, the stable low temperature phase, also has this 
space group. The crystal structure is described in a later section. 


HicH TEMPERATURE STUDIES OF NEIGHBORITE 


Finely ground synthetic neighborite was mounted on the heating stage 
of a diffractometer. The heating stage was designed to provide a uniform 
temperature across the sample surface and temperatures were measured 
by means of a platinum-platinum-10 per cent rhodium thermocouple 
mounted at the center of the irradiated surface. The instrument was cali- 
brated against the thermal expansion of silver and the melting point of 
silver. Temperature was controlled by means of an A.C. balancing bridge 
circuit in which the platinum heating element acted as one arm of the 
bridge. Temperature was controlled in this manner to +2° C. for ex- 
tended periods. Although neighborite is quite stable in air, the heating 
chamber was evacuated to reduce convection currents and allow a more 
satisfactory temperature control. In operation the heating stage allows 
the same resolution obtained with conventional diffractometer mounts 
at room temperature. 

Preliminary heating runs established that neighborite became cubic 
at high temperatures, and that the high temperature cubic cell coincided 
with the pronounced cubic “pseudo cell” present at room temperatures. 
The melting point was not determined. 

To investigate the transition from the orthorhombic cell at room tem- 
perature to cubic cell at high temperature, the lines 002, 200, 121, 022, 
220 and 040 in the orthorhombic cell were accurately measured at a 
series of temperatures. It is most convenient to discuss the changes oc- 
curring in terms of the cubic “pseudo cell,” rather than the true ortho- 
rhombic cell. Consequently, the parameters a’=a/1/2, b’=6/./2 and 
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CABLE 2. X-Ray Powper DATA FOR NEIGHBORITE, NaMgl 


Orthorhombic, 


, dh 
” \ cal 
110 4.396 
101 3.841 
020 3.838 
111 3.435 
002 2.751 
121 2.715 
200 2.682 
012 2.590 
102 2.448 
201 2.411 
112 2.332 
130 2.309 
211 2.300 
022 2.236 
20 2.198 
131 2.129 
122 2.064 
221 2.041 
202 1.920 
040 1.919 
032 1.874 
212 1.863 
132 1.769 
231 b.%o0 
310 1.741 
103 1.736 
222 1.717 
141 1.717 
301 1.700 
113 1.693 
311 1.660 
123 1.581 
042 1.574 
240 1.561 
321 1.355 
232 1.536 


' Natural neighborite, 


Peomn a=5.36: 


a:bic= 


3, b=7.676, c= 


0.698: 1:0.717 


Natural! 


dx 
A)meas 


mw Nm Ww Ww 
be | 
4 


68 


4 
41 
33 
30 


NmNM NM NW 


ow 


— ty MN 


06 
O04 


NmNwm hw Ww hw 


1.918 


862 


765 


689 
661 


~_ 


Intensity 


**) 
sa 


me 
S de de 


5.50 


a 


all 001 A 
Synthetic? 
d; ° 
i Intensity 
3.85 44 
3.44 7 
a.20 17 
2.71 54 
2.68 11 
2.44 6 
2.41 11 
2.33 16 
2.305 29 
2.297 27 
2.232 30 
2.198 18 
2.128 9 
2.060 11 
2.040 7 
1.918 100 
1.872 3 
1.862 4 
1.765 3 
1.755 4 
1.743 3 
1.733 7 
1.716 10 
1.713 6 
1.692 & 
1.664 3 
1.583 11 
i500 12 
1.561 10 
1.553 28 


taken with film, camera diameter 114.59 mm. CuKa radiation 
A=1.5418 A), Ni filter. Lower limit 26 measurable: approximately 6.3° or 14.04 A 

? Synthetic neighborite, using diffractometer, CuKa radiation 
filter. Sample contains a trace of NaF, not reported 


\=1.5418 A), Ni 
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TABLE 2 (continued) 





ee 





Natural! Synthetic? 
hkl Fant 
(A)cale drei ' dai : 
Intensity Intensity 
(A)meas (A)meas ? 
142 1.510 
241 1.501 
302 1.499 1.499 2 1.497 2 
213 1.485 
150 1.476 1.473 2 1.475 2 
312 1.47 
330 1.465 
133 1.436 1.434 2 1.435 2 
151 1.426 
331 1.416 1.415 1 1.415 1 
223 1.408 1.404 1 1.406 1 
322 1.396 
004 1.376 1.371 3 1.373 4 
242 1.357 1.356 13 1.355 15 
1.340 2 1.340 3 
1.327 2 1.329 2 
1.300 4b 1.298 4 
1.282 3b 1.284 3 
1.268 Ib 
1.256 1b 
1.234 2 1.233 1 
1.220 2 1.222 1 
1.213 4 1.212 5 
raBie 3. Unit CELL DIMENSIONS OF SYNTHETIC NEIGHBORITE AND PEROVSKITE 
Data for CaTiO; from Kay and Bailey (1957 
NaMgF; (18° C CaTiO; (Temp. not stated 
a 5.363+0.001 A 5.3670+0.0001 A 
b 7.676+0.001 7.6438 +0.0001 
r 5.503+0.001 5.4439+0.0001 
a:br 0.6987:1:0.7169 0.70213:1:0.71219 
r’=a/./2 3.792 A 3.7951 A 
b’=b/2 3.838 3.8219 
c’=c//2 3.891 3.8494 
a’:b’ic’ 0.9880:1:1.0138 0.99298:1:1.00719 
Vv’ 56.63 As 55.834 As 
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c’=c/V2 (where a, b, and ¢ are the unit cell edges of the orthorhombic 
cell) were calculated from the measurements and these are presented in 
Table 4, and illustrated in Fig. 4. 

With rising temperature neighborite remains clearly orthorhombic, 
although the a’ 
At 760° C., 


best be observed by the coalescence of the 220 and 022 lines. Above 


and c’ lengths become progressively closer together. 
and a’ and c’ lengths become identical, an effect which can 


760° C., a’ and c’ remain identical but 0’ is still measurably less than a’. 
The cell is now tetragonal or pseudo-tetragonal. At 760° C., all reflec- 
tions with orthorhombic indices k odd, and those with & even and A+/ 
odd disappear, indicating that the tetragonal cell is congruent with the 
former “pseudo cell.’’ The unit cell edges of the new tetragonal cell at 
this temperature are a= b6=3.942 A and c(=6')= A. The trans- 
formation matrix from the orthorhombic cell to the tetragonal cell is 


3.933 
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Fic. 4. Variation in cell constants of neighborite with temperature, showing 
transition points at 760° C. and 900° C. 
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TABLE 4. DIMENSIONS OF THE CUBIC PSEUDOCELL IN NEIGHBORITE AT 
DIFFERENT TEMPERATURES 


remp. ° C. a’ A b' A c’ A VvV'A 


Orthorhombic 


18 3.792 3.838 3.891 3.842 
110 3.812 3.848 3.894 3.853 
220 3.832 3.860 3.901 3.864 
333 3.848 3.872 3.908 3.876 
457 3.870 3.888 3.917 3.892 
537 3.886 3.898 3.924 3.903 
633 3.908 3.910 3.934 3.917 
700 3.923 3.920 3.937 3.927 
724 3.931 3.926 3.938 3.932 
749 3.938 3.930 3.941 3.936 

letragonal 
800 3.945 3.938 3.945 3.943 
837 3.948 3.944 3.948 3.947 
Cubic 
900 3.955 3.955 3.955 3.955 
954 3.960 3.960 3.960 3.960 


In the orthorhombic phase, a= 1/2-a’, b= 26’, c= +/2-c’; in the tetragonal phase, a=a’ 
=c'; c=b’; in the cubic phase, a=a =b’=c’. V’=a’'b'c’, the volume of the pseudocell. 


503/43, 0, —4 030. Figure 5 shows the diffractometer records of the 


cubic phase at 900° C. and the orthorhombic phase at 18° C. From 760° 
to 900° C. neighborite remains tetragonal, but the axes gradually become 
closer in length. Above 900° C. the three axes become identical and the 
cell is cubic. Designation of the transition temperature as 900° C. is 
largely based on the projection of the a’ and 0’ axial lengths versus tem- 
perature plots. Since the curves converge at a small angle the intersection 
point necessarily has a large uncertainty and the tetragonal—cubic 
transition temperature should be considered as 900° + 25° C. 

The progressive transitions from orthorhombic to tetragonal to cubic 
can best be demonstrated by observing the 200, 002 and 121 reflections. 
\t 760° C. the 200 and 002 lines become coincident but are still clearly 
resolvable from the 121. At 900° C. all three lines become coincident 
reflecting the cubic cell. The transitions are rapidly reversible and to our 
knowledge the tetragonal and cubic forms cannot be quenched to room 
temperature. 

A plot’ of the cube root of the volume of the “pseudo cell” against 
emperature (Fig. 4) has a small inflexion at 760° C. and another at ap- 
proximately 900° C. Since no abrupt break in the curve is observed both 
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Fic. 5. X-ray diffractometer traces of neighborite at (A) 18° C. and (B) 900° C., CuKa 
radiation, demonstrating disappearance of superlattice lines in the higher temperature 
form 


the orthorhombic—tetragonal and tetragonal—cubic transitions are at 
least second order and possibly higher order, transitions. 


CRYSTAL CHEMISTRY 


Neighborite belongs to the simple class of crystal structures with gen- 
eral formula ABX;, commonly known as the ‘perovskite family” (Wells, 
1950, Megaw, 1957). The ideal structure is cubic with a unit cell about 
3.8 to 4.0 A on edge, containing one formula unit. The structure consists 


of A and X atoms in cubic closest packing with B atoms inserted in octa- 
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Fic. 6. Schematic views of the probable crystal structure of neighborite, after the 
structure described for perovskite by Kay and Bailey (1957). Na atoms are represented by 
large shaded spheres, Mg atoms by small circles and MgF¢s groups by shaded octahedra. 
Full lines outline the orthorhombic unit cell and dashed lines show the cubic pseudocell. 


The Na atoms lie on mirror planes normal to the y axis, seen on edge in the view at right. 


hedral cavities. If the A atom is significantly smaller or larger than X, 
the simple structure is generally distorted to a lower symmetry. Thus, in 
perovskite itself, for which calcium is a little more than half the size of 
oxygen, the symmetry becomes orthorhombic and a superstructure is 
formed with a unit cell four times the size of the ideal cell. Such distorted 
structures often transform to the ideal structure type at some higher 
temperature, and for perovskite, there is evidence that such a transition 
does occur at about 1260° C. (Megaw, 1957, p. 91). In the heating experi- 
ments on synthetic neighborite, this transition was positively identified 
it 760° C. 

On the basis of their single crystal intensity data alone, Kay and 
Bailey (1957) could not distinguish between two possible structures for 
CaTiO;. One of these two resulted in highly distorted octahedra with 
li-O distances ranging between 1.78 and 2.08 A. The other (shown in 
rig. 6) has fairly regular octahedra (Ti-O distances all 1.93 A), the dis- 
ortion of the high temperature cubic structure being manifested only in 
the tilting of the polyhedra. Kay and Bailey accepted the latter mainly 
m grounds of parsimony, even though other structures such as BaTiQOs 
ind PbTiO; (Megaw, 1947, p. 108) show large distortions in the TiOg 
octahedra. The cause of the distortion in the perovskite structure has 
been commonly attributed to the relatively small size of the calcium 
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atom. Kay and Bailey’s proposed structure effectively reduces the co- 
ordination for calcium from 12 (for the undistorted high temperature 
form) to 8 (8 Ca-O distances of 2.4—2.5 A; the other 4 become 3.0-3.1 A). 

Since it is well known that titanium can suffer considerable distortion 
of its bonding with oxygen, presumably because of the largely covalent 
character of the bonds and the influence of the available 3d orbitals in 
forming hybrids in the formation of these bonds, the crystal chemical 
arguments for the CaTiO; structure presented above do not rest on a 
firm theoretical basis. The situation is different for neighborite, however. 
Here the bonding is largely ionic, and no d-hybridization is possible. 
Therefore, there is no reason to expect the MgFs octahedra to depart 
from regularity any more than is necessary, and the tilted regular octa- 
hedron structure can be accepted with much more assurance. Fortu- 
nately, the close analogy between the structures of NaMgF; and CaTiO; 
strengthens the arguments set forth by Kay and Bailey for this structure 
for the latter. 

The appearance of the tetragonal phase between the low temperature 
orthorhombic and high temperature cubic forms does not have any 
obvious explanation. The tetragonal cell consists of a slight distortion of 
the cubic cell (c/a=0.9977 at 760° C.), similar to that of BaTiO;, which 
is cubic above and tetragonal below 120° C., the latter phase having 
c/a=1.009 (Megaw, 1957). The tetragonal distortion in BaTiQ; is cer- 
tainly due to a pronounced polarization of one of the Ti-O bonds (Evans, 
1953) of a kind which has frequently been found in transition metal oxide 
and fluoride structures. Such a polarization seems implausible in an ionic 
magnesium fluoride structure, and we believe that the explanation more 
probably lies in some special type of thermal vibration. As the tempera- 
ture of the orthorhombic form is increased, the degree of tilting of the 
octahedra in the a-c plane (Fig. 6, top view) must become less and less 
until at the transition temperature 760°, the pattern becomes quite 
square. If the Mg-F-Mg links which tie one layer normal to the new 
tetragonal axis to the one above or below is still bent as it was in the 
orthorhombic phase, the tetragonal c axis (4 the orthorhombic 6 axis) 
would be slightly shortened with respect to the a axis, as is observed. 
This shortening may be contrasted with the slight lengthening which 
results from bond polarization as in BaTiO; and PbTiO . The bending of 
the bond would be randomly oriented with respect to the tetragonal c 


axis, corresponding to a libration of the fluorine atom about the Mg-Mg 
axis. The reason why such libration might be emphasized only on alter- 
nate fluorine layers in the structure is not revealed by our speculation. 
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GIBBSITE VERMIFORMS IN THE PENSAUKEN 
FORMATION OF NEW JERSEY 


WitiiamM LoppinG, Bureau of Mineral Research, 
Rutgers, the State University. 


ABSTRACT 
Vermiform aggregates found in seven localities in the coarse sands of the Pensauken 
formation were identified as composed mostly of gibbsite. Although their appearance is 
very similar to kaolinite vermiforms and knaeuel described in the literature, all indications 
are that they are authigenic and formed by direct weathering of feldspar and other silicates 
to gibbsite, suggesting a near-laterite type of weathering during an interglacial period of 
the Pleistocene in this area. 


INTRODUCTION 


Vermiform crystal aggregates of kaolinite, dickite, and anauxite have 
been reported by Ross and Kerr (1930) and others (Carozzi 1960), 
usually associated with kaolin deposits. Kulbicki (1954) describes ver- 
micular dickite in a gibbsite matrix. Gordon and Tracey (1952) found 
accordionlike kaolinite crystals partly replaced by gibbsite in the baux- 
ites of Arkansas. 

Vermicular aggregates of appearance strikingly similar to some of 
these were found by J. H. C. Martens (personal communication) in the 
Pensauken formation near South Amboy, New Jersey. These vermiforms 
are much larger in size, however, than those reported elsewhere, and 
their principal constituent was identified as gibbsite (Lodding 1960). 


OcCURRENCI 


Vermicular gibbsite aggregates were found since then in six additional 
localities of the Pensauken formation, as indicated in Table I. They occur 
in coarse and medium size arkosic sand and gravel. Considering the deli- 
cate shapes and little strength of some of these aggregates it is difficult 
to imagine that they underwent any amount of transportation. It must 
be assumed that they are authigenic. Gibbsite was also found in the same 
localities as a whitish cement, filling interstices between the sand grains. 
Although gibbsite cement is present in some glauconitic sands, no vermi- 
forms were found to date in sands containing glauconite. 

Five of the seven localities described lie within a circle of six miles 
south of the Raritan River estuary. Samples No. 960 and 1081 were 
found 20 and 30 miles to the south-east of this area. No preferential verti- 
cal distribution has been observed. 

The thickness of the gibbsite-bearing beds is rather irregular mainly 
due to cross-bedding. Although it is sometimes possible to follow a hori- 
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zon for several hundred feet, its thickness may vary from a few inches 
to several feet. The spans indicated in Table 1 are those encountered at 
a particular bore hole or channelled exposure. 


DESCRIPTION OF SPECIMENS 


Vermicular gibbsite aggregates range in size from 1 to 6 mm. in their 
longest dimension, with length-to-width ratios varying between 1 and 
10. (Fig. 1) 








Fic. 1. Vermicular gibbsite. Each scale division= 1 mm 


The color of the aggregates ranges from off-white to light brown. A 
few specimens show a heavy surface coating and are almost black. 
Branching along longitudinal cracks is frequent. Some twisted vermicular 
ggregates very similar to the Kaolinitknaeuel described by Guthérl 
1956) are also found. Many vermiforms show brown banding perpen- 
dicular to their long axis. Unlike that in the kaolinite vermiforms de- 
scribed by Schiller, the brown banding is not due to organic matter, but 
to iron oxides. 

Vermiform gibbsite shows some cleavage perpendicular to the long 
ixis. Thus mica-like platelets are sometimes obtained by prodding a 
vermiform with a needle. These platelets have the shape of irregular 











396 WILLIAM LODDING 


hexagons, parallelograms, or a composite of these figures, often with 
reentrant angles. 

Delicate water-clear skeletal particles of plagioclase (as identified by 
J. H. C. Martens) are often found in the coarse sands. 


COMPOSITION 


Chemical and spectrographic analyses were made on hand picked 
vermiforms of sample 1013. The chemical analysis showed the following: 


AlLO 57.0 G MnO 0.05 
SiO» 7.41 CuO 0.02 
FeeOs (total 4.32 Na,O 0.12 
TiO. 1.80 KO traces 
MgO 0.14 Loss on ign 28.7 
CaO 0.04 - 
SrO 0.01 Potal 99.61% 


X-ray powder photographs show strong reflections for gibbsite and 
weak lines for kaolinite and quartz. No reflections were found for iron 
oxides, suggesting poorly crystalline or amorphous compounds. A Laue 
photograph taken on a single vermiform platelet with the beam per- 
pendicular to the presumed a-d plane showed that the platelet is clearly 
not a single crystal, although a certain degree of preferred orientation 
can be observed. 

Differential thermal analysis showed the endothermic reaction for the 
dehydration of gibbsite starting at 250° and the peak at 335° C. A small 
kaolinite peak is at 550°, and a small amount of quartz is indicated by 
the a-8 inversion at 573°. No evidence of dickite was found in 38 thermo 
grams. 

DTA was performed both in dynamic air, or in hydrogen atmosphere 
followed by oxidation in air. The latter method was used to distinguish 
between hydrated iron oxides and gibbsite, which both dehydrate in the 
same temperature range, when heated in air. (Lodding and Hammell 
1960.) The approximate amount of gibbsite present was determined by 
these methods in all vermiform-bearing sands shown in Table I. 

From the chemical analyses and DTA the mineral composition of 
sample 1013 was calculated: 


gibbsite 87% 
kaolinite 6% 
iron and tita 

nium oxides 6% 
quartz 1% 


Vermiforms from other localities have a similar mineral composition 


except for the gibbsite-kaolinite ratio, which may vary from 15 to 3. Op 
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Fic. 2. Vermicular gibbsite; undisturbed thin sections. Left: 40; right: «14. 


tical Properties: Indices a,8 1.566+0.002; a@ appr. 1.585 (all except frag- 
ments very high in limonite 1.584), 2V estimated 10°, sign positive. 


Thin Sections 


Undisturbed sections were prepared from slightly consolidated vermi- 
form-bearing sands. See Figs. 2 and 3. Orientation of the gibbsite seems 
to be random and little relation is apparent between quartz aggregates 
and vermiforms. Gibbsite vermiforms often split parallel to their long 
axis, and sometimes these branches double back to the main body (Fig. 
2). These branches look like the result of longitudinal cracks, causing a 
peculiar angular cross section of the vermiform gibbsite platelets de- 
scribed. In Fig. 3 a gibbsite vermiform is seen in polarized light with the 
extinction boundaries following the rotation of the moving stage. No 





Fic. 3. Vermicular gibbsite. Left: plane polarized light; right: crossed nicols. Both x40. 
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evidence of vermiforms growing on muscovite platelets as described by 
Schiller (1951) was seen. The gibbsite vermiforms seem to be detached 
from the other mineral grains and aggregates with only point contacts 
between them. 


GENESIS OF VERMIFORM GIBBSITE 


The Pensauken formation is composed of sand, gravel, silt and clay, 
often deeply eroded and weathered. According to Salisbury and Knapp 
(1918) and MacClintock (1940) it is interglacial, younger than the 
Bridgeton and older than the Cape May (Sangamon) formations. It is 
thought to be a stream deposit laid down by rivers with shifting chan- 
nels as evidenced by frequent cross bedding. The permeable Pensauken 
sands are not covered by any other formation and apparently have not 
had much of any cover in their past history. 

Vermiforms are found at depths of three to twenty feet below the pres- 
ent surface. The presence of abundant feldspar in various stages of 
weathering in the Pensauken points to the source of alumina needed to 
form gibbsite. Keller (1958) proposes a mechanism of direct weathering 
of nepheline, amphiboles and feldspars to kaolinite, gibbsite, and iron 
oxides. Weathering in a pH range of 7 to 9.5 may lead to removal of 
silica and iron, leaving aluminum hydroxides behind. At higher pH, both 
alumina and silica are mobile, and at a pH below 7 alumina is immobile 
and silica has low mobility. Abrasion pH values of 9 to 11 are obtained 
when nepheline, diopside, or feldspars are ground. In the presence of 
these minerals, rain and ground water may acquire a pH between 7 and 
9.5. Such a condition may produce preferential leaching of silica in the 
weathering of aluminous silicates. Aluminum hydroxide left behind may 
partly dehydrate and crystallize to gibbsite on suitable seed crystals. 

An alternative possibility would be the formation of kaolinite vermi- 
forms as the result of feldspar weathering, and subsequent transforma- 
tion of the kaolinite into gibbsite by the removal of silica. This process 
appears less likely in the present case, because of the absence of kaolinite 
vermiforms in the Pensauken. It is likely that some of the vermiforms 
found in seven different localities of the Pensauken would have remained 
kaolinite, if this had been the starting material. The fact that kaolinite 
constitutes at most one-fourth of the vermiforms, and usually much less, 
would indicate the likelihood of direct weathering of pyroxenes and feld- 
spars to gibbsite. Incomplete removal of the silica can then account for 
the kaolinite present. 

Keller (1958) lists the following conditions leading to the formation of 
gibbsite: 











400 WILLIAM LODDING 


) parent materials with an abrasion pH of 9 or higher. 
profuse rainfall throughout the year. 
high temperature (accelerating rate of hydrolysis). 
abundant and continuously active microflora of very warm humid climate. 


Die ww — 


high permeability of regolith which allows the removal of dissolved silica. 


Conditions corresponding to points one and five are evident in the Pen- 
sauken formation. Some evidence is also present for the existence of con- 
ditions two, three, and four, which assume a hot and humid climate and 
rapid weathering and oxidation representing a near-laterite type of 
weathering. The scarcity of organic matter and the state of oxidation of 
iron as heavy coatings on sand grains and in the clays point in this direc- 
tion. 

In this connection it should be noted that Krebs and Tedrow (1958) 
recently identified gibbsite as a major constituent of the clay fractions 
in certain soil horizons in two widely separated areas of New Jersey. The 
Annandale loam and silt loam derived from the pre-Wisconsin glacial 
drift on Schooleys Mountain and the Aura and related sandy loams de- 
rived from the Bridgeton formation all contain considerable gibbsite and 
kaolinite. 

ACKNOWLEDGMENTS 


This paper is published by permission of Dr. Helgi Johnson, Director 
of the Bureau of Mineral Research. The author is grateful to Dr. James 
H. C. Martens and Dr. Albert S. Wilkerson for valuable suggestions, to 
Mrs. C. Sadlon for the excellent thin sections on a difficult material, to 
Dr. Clarence L. Grant for spectrographic analyses. Mr. Laurence Ham- 
mell and Mr. Noel W. Hinners prepared the chemical analyses and micro- 
photographs. Mr. Arthur Hodges determined the optical properties of 
the gibbsite vermiforms. 


REFERENCES 
Carozzi, A. V. (1960); Microscopic Sedimentary Petrography, John Wiley, N. Y. 
Gorpon, M., Jr., Tracey, J. L., Jr. (1952); Origin of the Arkansas Bauxite Deposits, 
Clay and Laterite Genesis, AIME pp. 12-34. 
GuTHORL, P., HOEHNE, K., SCHULLER, A. (1956); Monographie der Saartonsteine, Teil 1, 
Geologie, 5, 695-755. 
Ketter, W. D. (1958); Argillation and Direct Bauxitization in Terms of Concentration of 


Hydrogen and Metal Cations at Surface of Hydrolizing Silicates, Bull. AAPG 42, 
2, 233-245 


Kress, R. D., Teprow, J. C. F. (1958); Genesis of Red-Yellow Podsolic and Related 
Soils in New Jersey, Soils Sci. 851, 28-37. 

Kusicki, G. (1954); Phenoménes de diagenése dans les sediments argileux; Clay Min. 
Bull. 2, 12, 183-187. 

Loppinc, W. AND HAMMELL, L. (1960); DTA of Hydroxides in Reducing Atmosphere, 
Anal. Chem. 32, 6, 657-662 








Lopp! 
4 
Mac 
1 
Ross, 
1 
SALIS 


| 


ScHi 


Vani 











7 
i 
GIBBSITE VERMIFORMS 401 
Loppinc, W. (1960); Vermicular Gibbsite in the Pensauken of New Jersey, Am. Mineral 
45, 228-229 
MacCiintock, P. (1940); Weathering of the Jersyean Till, Geol. Soc. Am. Bull. 51, 103 
116. 
Ross, C. 5. AND Kerr, P. F. (1930); The Kaolin Minerals, U.S.G.S. Prof. Paper 165-E, 
151-176 
SALISBURY, R. D., Knapp, G. N. (1917); The Quaternary Formations of Southern New 
Jersey, NV. J. Dept. of Conserv. & Dev. Final Report 8, 218 pp 
SCHULLER, A. (1951); Zur Nomenklatur und Diagenese der Tonsteine, V. Jahrb. Min 
V onatsheft 5, 92-109 
; Vanuscript received May 25, 1969 
] 











THE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


URANO-ORGANIC MINERAL ASSOCIATION 


A. M. ABDEL-GAWAD AND PAUuL F. KERR, 
Columbia University, New York, New York. 


ABSTRACT 

Semi-fluid asphalt which percolates through uranium ore bodies on the San Rafael 
Swell is indurated by heat at temperatures from 250° C.-300° C. The indurated material 
becomes brittle and generally similar in physical properties to naturally indurated “asphal- 
tite.”’ Infrared curves of artificially indurated material also compare favorably with curves 
for natural “‘asphaltite.” Infrared curves for both indurated artificial and natural “asphal 
tite’ show weak and indistinct absorption bands in contrast to the stronger absorption of 
semi-fluid asphalt. 

Mineralogical investigation of the uranium silicate coffinite indicates that the mineral 
is similar to the synthetic coffinite, prepared by Fuchs and Hoekstra (1959), through the 
absence of an essential hydroxyl component. 

The intimate and widespread association of indurated uranium-bearing ‘“‘asphaltite”’ 
and the uranium silicate coffinite suggests that the two were formed contemporaneously. 
rhe urano-organic constituent could presumably have been hardened by irradiation, al 
though this seems unlikely. However, such an origin is hardly even conceivable for the 
uranium silicate coffinite. Hydrothermal origin is believed to prevail both for the coffinite 
and the associated uranium “‘asphaltite.”’ 


INTRODUCTION 


The widespread asphaltic association of uranium has long been recog- 
nized, and most workers attribute a petroliferous origin to this material. 
On the other hand, there appears to be a lack of agreement on the origi- 
nal source of the uranium and the temperature of formation. Gott and 
Erickson (1952) have suggested that uranium might have concentrated 
in the asphaltites directly from petroleum. Erickson et al. (1954) have 
also indicated that the similarity between the metal suite in crude oils 
and in uraniferous asphaltic deposits, and the uranium concentration in 
the latter, suggest that uranium and the other metals have accumulated 
in the heavier, more asphaltic portions of petroleum. Several believe that 
uraniferous asphaltites may have been formed through volatilization, 
oxidation, and polymerization of a petroleum enriched in these metals. 
Hail et al. (1956), however, concluded that most of the uranium present 
in the oil has been introduced during migration. At the same time, 
Breger and Deul (1956) have indicated that petroleum can be both a 
carrier and a collector of uranium. 

Polymerization or condensation of hydrocarbons around an older 
radioactive source as a result of irradiation has been suggested by Els- 
worth (1928), Spence (1930), Davidson and Bowie (1951), Davidson 
(1955), Isachsen and Evensen (1956), and Pierce et al. (1958). 

The exceedingly low uranium content of crude oils and asphalts com- 
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pared to the high content in uraniferous asphaltites indicates that pe- 
troleum is more likely to be a collector than a distributer of uranium. 
Kelley and Kerr (1958) have suggested that uranium-bearing hydro- 
thermal solutions have introduced that metal into pre-existing liquid 
hydrocarbons which were indurated by the accompanying heat. 

In this asphaltic association, uranium may be found in discrete min- 
erals such as uraninite or coffinite, and it may occur as a urano-organic 
complex. The temperature range under which coffinite forms (Fuchs and 
Hoekstra, 1959) and the temperature of induration of ‘‘asphaltite”’ are 
believed to be significant in the interpretation of the temperatures which 
prevailed during uranium mineralization on the Colorado Plateau. 

The objective of the current study has been essentially twofold: 
(1) to study the effect of heat on semi-fluid asphalt collected from fissure 
seepages in certain uranium deposits in order to compare the heat- 
treated material with naturally occurring uranium-bearing ‘‘asphaltite” 
from the same area, and (2) to study the association of coffinite, a fre- 
quent accompaniment of ‘‘asphaltite,” in order to obtain more informa- 
tion on the nature of this unusual mineral and the significant association 
involved. 


INDURATED URANIUM-BEARING ASPHALTITI 


Numerous uranium deposits contain impregnations of asphaltic ma- 
terials in which the impregnated rock types (Pierce e/ a/., 1958) range 
from igneous and metamorphic to terrestrial and marine sedimentary. 

Elsworth (1928) applied the name thucholite to a thorium-uranium- 
rare earth hydrocarbon found in pegmatites at Parry Sound, Ontario. 
Thucholite was believed by Elsworth to have been formed by hydro- 
thermal replacement of uraninite by hydrocarbons polymerized by 
a-particle irradiation. Spence (1930) believed that migrating mineral oil 
was polymerized by radiation to form thucholite which in turn replaced 
uraninite. 

Christie and Keston (1949) have described thucholite associated with 
gold in pitchblende veins in the Goldfields district of Saskatchewan, 
Canada. Bowie (1955) concluded that thucholite from the Nicholson 
mine, Saskatchewan had resulted from the polymerization of mobile, 
mostly gaseous hydrocarbons by radiation emitted by pre-existing pitch- 
blende, a process similar to that postulated by Davidson and Bowie 
1951) for the hydrocarbon-uraninite complex of the Isle of Man and 
the Witwatersrand. 

Uraniferous hydrocarbons from Moonta, South Australia have been 
reported by Mawson (1944) in lodes cross-cutting bornite and quartz. 
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Davidson and Bowie (1951) studied a sample from this occurrence and 
found fine pitchblende associated with chalcopyrite, bornite, covellite, 
arsenopyrite, and quartz. 

Linares (1956) has reported a uranium-bearing asphaltic material 
(thucholite) associated with uraninite, copper sulphides, galena, and 
sphalerite from the Eva Peron deposit of the Argentine Republic. The 
asphaltic material is thought to have originated through distillation of 
bituminous mud by thermal action related to magmatic activity. Uranif- 
erous asphaltites have also been reported in the Soviet Union, Japan, 
Sweden, and Mexico. 

In the United States occurrences of uranium-bearing ‘‘asphaltite”’ 
are widespread on the Colorado Plateau and in adjacent areas, but the 
nature and origin of such occurrences has been the subject of consider- 
able discussion. 

Breger and Deul (1955) have suggested that organic pellets in the 
Moss Back formation of the San Rafael Swell represent an organic 
extract from low-rank coals. Kelley and Kerr (1958) pointed out, how- 
ever, that important factors of field occurrences support a petroliferous 
origin. Drill holes on the east side of the Temple Mountain show the 
transition from indurated uranium “‘asphaltite” to viscous non-uranium 
asphalt. There is also a widespread distribution of oil sand in the per- 
meable strata of the area. At the same time coal is absent and the dis- 
tribution of lignitic material is sparse. 

Hydrocarbon occurrences of the Unita basin (Hunt ef al. 1954) show 
four chemically different types (ozocerite, albertite, gilsonite and wurt- 
zilite) which are believed to represent variations in the depositional en- 
vironment of the source rock. Davidson (1955) has stated that many 
specimens of uraniferous ‘‘asphaltite”’ from the Plateau are indistinguish- 
able under the microscope from thucholite derived from hydrothermal! 
lodes or pegmatites and has expressed the opinion that both occurrences 
have a common origin. 

Pierce et al. (1958) report that study by x-ray diffraction and infrared 
absorption with chemical organic analyses of various mineral oils and 
uraniferous ‘‘asphaltite” suggest a petroliferous origin for much of the 
‘“aslphaltite”’ in the western United States. 

Erickson ef al. (1954) and Hail et al. (1956) have suggested that 
uranium which is present in small amounts in crude oil tends to be con- 
centrated in the heavier, more asphaltic portion of the oil as an urano- 
organic complex and suggest crude oil as a transporting medium for 
uranium. However, analyses of many crude oil samples show only a few 


parts per billion of uranium, while in refinery residues the uranium con- 
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tent has been found by Hyden (1956) to lie within the comparatively low 
range of 0.33 to 1070 parts per billion. McKelvey et al. (1956) concluded 
that it is unlikely that migrating petroleum is the source of uranium in 
the Colorado Plateau. Kelley and Kerr (1958) have shown that an aver- 
age urano-organic ore sample from Temple Mountain represents a 
uranium concentration two million times greater than the associated 
crude oil. They have concluded that the bulk of the uranium must have 
been provided by hydrothermal solutions. Breger and Deul (1956) also 
believe that water, because of its powerfu! solvent action, is probably the 
most effective medium for transporting uranium from its source to its 
eventual site of concentration in carbonaceous substances. 

The highly irregular distribution of uranium in asphaltic ore and the 
wide occurrence of essentially non-radioactive, indurated material in the 
same localities support the conclusion that the asphaltic materia! is 
essentially a collector of uranium rather than a major transporting 
medium. 


INFRARED ABSORPTION OF URANIUM-BEARING ASPHALTITI 


Infrared absorption curves have been obtained from viscous asphalt 
and from three samples of the same material heated in an electric oven 
at temperatures of 100°, 200°, and 300° C. each for 72 hours. The asphalt 
was collected from fissure seepages which cut the uranium ore body in the 
Magor mine, San Rafael Swell, Utah. 

The infrared curve of the unheated material (Fig. 1, curve No. 1) 
shows strong absorption at 3.4 w, 6.8 w, and 7.2 uw indicating aliphatic 
structures. It is identical in its principal absorption bands to a carbona- 
ceous nodule from the Seven Rivers formation, Eddy County, New 
Mexico (Pierce ef al. 1958, p. 193). According to Pierce et al. (1958) the 
3.4 uw band is caused by stretching by aliphatic C-H groups, while 6.8 u 
and 7.2 w indicate bending by methylene CH» groups and terminal CH; 
groups respectively. A weak absorption band at 5.8-5.9 uw indicates acid 
carbonyl (C=O) groups. Although the absorption band near 6.3 yu falls 
in the region of aromatic absorption, the absence of aromatic absorption 
at 3.2-3.3 uw suggests that the 6.3 uw band is largely caused by water. The 
ntensity of the 2.95 w band tends to decrease greatly by prolonged 
evacuation, indicating water. 

At 100° C. the asphaltic material shows increased fluidity compared 
to the highly viscous unheated material. At 200° C. (Fig. 1, curve No. 2) 
the major absorption peaks are essentially identical with those of the 
unheated material and the 100° C. product. Partial induration occurs at 


200° C. as indicated by an increase in viscosity and the tendency of the 
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material cooled to room temperature to fracture conchoidally. The 
average hardness of a semi-fluid tar from Temple Mountain was found 
(Kelley and Kerr, 1958) to be 3.4 Knoop after being heated at 200° C. 
for 96 hours, and 10.7 Knoop after being heated at the same temperature 
for 142 hours. 

At 300° C. a sharp decrease in the intensities of the aliphatic absorp- 
tion bands at 3.4 uw, 6.8 w, and 7.2 uw takes place (Fig. 1, curve No. 3) and 
is accompanied with increased induration. The product becomes brittle, 
with a conchoidal fracture, and the infrared absorption curve becomes 
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Fic. 1. The effect of heat on the infrared absorption of asphalt. 


similar to the infrared absorption of the uraninite-bearing “‘asphaltite”’ 
from Flat Top Mountain and the Tomsich Mountain localities of the 
San Rafael Swell, Utah (Fig. 1, curves No. 4 and 5). The major difference 
between ‘“‘artificial’’ and natural ‘“‘asphaltites” lies in the presence of 
silica absorption in the 9-10 uw region caused by the presence of quartz in 
the Flat Top material and sulphur absorption near 8.9 u caused by pyrite 
in the Tomsich Mountain material. 

X-ray diffraction of semi-fluid asphalt, the heat-indurated (300° C.) 
product cooled to room temperature, and natural ‘“‘asphaltite’’ from 
Flat Top Mountain show a single diffuse halo centered around the “‘d” 
spacing of 4.9 A. 

The experiment does not reveal the nature of changes during the heat- 


ing process which resulted in the virtual disappearance of the absorption 
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bands of the semi-fluid asphalt. It is conceivable that a combination of 
devolitilization, oxidation, and polymerization takes place. 

However, the similarity between the heat-treated product of the semi- 
fluid asphalt and the natural ‘‘asphaltite” in physical appearance and 
infrared absorption suggests the induration of natural “‘asphaltites’”’ by 
high temperatures in the range 250°-300° C. as would be expected under 
hydrothermal conditions. 

The effect of irradiation on hydrocarbons which causes polymerization 
and other radiation damage effects is widely recognized and may be an 
important factor in the induration of uranium-bearing asphaltic ma- 
terials. Pierce et al. (1958) have shown that the total internal radiation 
dosage received by a number of “‘asphaltites’”’ ranges from 10** to 10%? 
electron volts per gram which corresponds to levels at which organic 
compounds are converted to coke in nuclear reactors. The indurated 
materials reported carry uranium or thorium in ore grade value amount- 
ing to several per cent. Many natural ‘“‘asphaltites,’”’ however, contain 
little or no uranium, and spectrographic traces of uranium have not been 
reported to produce noticeable induration in petroleum. 


THE URANIAN ASPHALTITE-COFFINITE ASSOCIATION 


The frequent association of coffinite, a uranium silicate (Stieff ef al., 
1955, 1956) and “asphaltite’”’ in many Colorado Plateau uranium de- 
posits is believed to provide significant information on the temperature 
conditions which prevailed during uranium mineralization. Stieff et al. 
(1956) have called attention to some 40 occurrences of coffinite on the 
Colorado Plateau and in adjacent areas. Most of these contain associ- 
ated organic material. Hydrothermal occurrences of coffinite in Colorado 
(Sims et al., 1958), and the rather restricted hydrothermal conditions 
under which coffinite has been synthesized (Fuchs and Hoekstra, 1959), 
point to coffinite as a mineral of hydrothermal origin. The range in tem- 
perature of formation for coffinite coincides with the range in tempera- 
ture at which semi-fluid asphalt becomes indurated. The similarity be- 
tween the infrared absorption spectra of natural uranium-bearing 
‘‘asphaltite’”” and asphaltite indurated by heat is an additional con- 
firmatory factor. 

Mineralogical investigation of coffinite has been carried out on ma- 
terial from a number of occurrences including the original coffinite from 
the La Sal No. 2 mine, Mesa County, Colorado kindly supplied by Dr. 
L. R. Stieff of the U. S. Geologic Survey; the Jackpile mine and Section 
33 mine, New Mexico; the Green River district, and the Temple Moun- 
tain area, Utah. 
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THE SEPARATION OF COFFINITE 

Coffinite on the Plateau is found disseminated in hard “asphaltic” 
material which contains uraninite and quartz as prominent impurities. 
Those who have investigated the mineral have found it difficult to ob- 
tain even approximately pure coffinite. As a result, the literature shows 
a lack of chemical analyses of the pure material necessary to provide the 
exact chemical composition of the mineral. 

Ordinary organic solvents fail to dissolve the associated organic ma- 
terial, but heating to 410° C. for two to three days has been found effec- 
tive in removing the organic material. However, the presence of small 
amounts of uraninite and other finely disseminated uranium-bearing 
constituents in the organic complex may still cause uncertainty in the 
determination of the silica-uranium ratio of coffinite. 


X-RAY DATA ON COFFINITE 
X-ray diffraction patterns of coffinite indicate (Stieff et a/. 1956) that 
the mineral! is tetragona! with a zircon type structure. Y-ray patterns for 
a number of coffinite samples using copper radiation and a nickel filter 
are shown in Table 1. The coffinite localities represented are the Jackpile 


PaBLe 1. X-Ray DiFrRACTION POWDER PATTERNS OF COFFINITE 
(Copper radiation, Nickel filter 


Coffinite. Coffinite, Coffinite, es ens hae 
Jackpile mine, Green River La Sal No. 2 Temple Revommens — 
hk New Mexic Uta mies,Coeende 9 ountaln, mai — 
Uta ( 1 
iA | 1\ I i\ I \ ] \ I \ I 
Oli 4.668 ) +. 668 9 4.643 9 4.619 10 1.6 10 4.67 9 
200 4.86 5 
200 3.470 10 8.477 10 3.4614 10 3.470 9 3.47 10 3.51 10 
121 2.778 ' 2.785 t 2.778 4 2.78 4 2.78 2.814 i 
112 2.642 7 2.646 s 2.642 7 2.64 5 2.64 2.665 9 
220 ?.45 2 2.460 2.440 2 2.46 2 2.46 1 2.455 5 
031 2.16 2 2.174 3 2.162 2.169 2 2.18 4 2.189 8 
013 1.999 1} 2.003 ; 1.999 1 2.01 1 2.01 I 2.002 7 
321 1.839 2 1.850 rl 1.836 2 1.836 2 1.841 $ 1.855 3 
312 1.799 5 1.799 4 1.793 3 1.89 7 1.801 7 1.813 9 
123) 1.735 2 1.732 3 we 4 73 2 1.7 ' 
400 1.742 4 
$11 1.623 1 62 1 1.62 } 1.6 2 1.629 1 1.632 5 
004 1.562 5 
120 51 1.554 1 1.551 1 weak 1.5 
$32 1.453 1 ak 1.448b 1 weak $51 1 1.449 2 
024 1.427 } weak 1.431 j eak 1.435 1.430 2 
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mine, New Mexico; Green River, and Temple Mountain, Utah; the La 
Sal No. 2 mine, and the Arrowhead mine, Colorado (Stieff et al., 1956); 
and an undisclosed locality in the U.S.S.R. (Filipenko, 1958). Coffinite 
from the Jackpile mine and the La Sal No. 2 mine give relatively good 
x-ray patterns; all the reflections reported by Stieff et a/. (1956) are dupli- 
cated, and most of the lines are sharp. The two samples from Green 
River and Temple Mountain, Utah give poor x-ray patterns with rela- 
tively low line intensities and some lines that are merged with the back- 
ground. The removal of the organic material does not improve the line 
intensities, although the elimination of quartz does result in a slight 
improvement. Thus it is likely that crystallite size rather than dilution 
accounts for the poor quality of the x-ray pattern. 

Three samples of coffinite were analyzed qualitatively for heavy ele- 
ments with the x-ray spectrograph using tungsten radiation and a lithium 
fluoride crystal. The elements detected are shown in Table 2. It has been 


TABLE 2. X-RAy SPECTROGRAPHIC ANALYSES OF COFFINITE 


Coffinite, Jackpile mine, Coffinite, Green River, Coffinite, Section 33 mine, 
New Mexico Utah Grants, New Mexico 
{ U 
As Pb 
Fe 
Vv 


observed that in the x-ray fluorescence curve for coffinite from the 
Jackpile mine, New Mexico no reflections for heavy elements other than 
uranium are exhibited. Since this material also gives the best x-ray dif- 
fraction pattern obtained from samples used in this work, it may be in- 
ferred that arsenic, lead, iron, and vanadium noted in the other two 
samples are probably either absent or constitute non-essential impurities. 


THERMAL BEHAVIOR OF URANIAN ASPHALTITE AND COFFINITE 


Differential thermal analysis of coffinite-bearing ‘‘asphaltite’’ samples 
from Green River, Utah and the Jackpile mine, New Mexico show a 
strong and broad exothermic reaction which attains a maximum at 
$80°-500° C. (Fig. 2, curves Nos. 1 and 2). This reaction is believed to 
be caused by the oxidation of associated ‘‘asphaltite.’’ The coincidence 
of the temperature at which this reaction takes place and the tempera- 
ture at which the coffinite lattice is destroyed in air (500° C.) is probably 
accidental. 
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Differential thermal analysis of coffinite-bearing ‘‘asphaltite” from the 
Jackpile mine in vacuum shows no reactions up to 1000° C. (Fig. 2, 
curve No. 3). “Asphaltite’’-free coffinite obtained by roasting at 410° C. 
for three days gives no thermal reaction in air (Fig. 2, curve No. 4). The 
lattice destruction of coffinite at 500° C. was not accompanied by any 
observable thermal reaction. 


[_———— 
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Coffinite + Asphaltite 
(in air) 


Coffinite + Asphaltite (in vacuum) 
ae ere 


coffinite (in air) 
ent Ree | 


















| a a ee ee ee 
) 100 200 300 400 500 600 700 800 900 1000 
if 
Fic. 2. D. T. A. of coffinite samples. | 


X-Ray Data ON HEATED SAMPLES 


A sample of coffinite-bearing ‘‘asphaltite” from the Jackpile mine was 





heated in an electric oven for two hours at each of the following tempera- 
tures. 200, 300, 400, 500, 600, 700, 840, 960 degrees centigrade, and an 
x-ray pattern was made of each product. The patterns were taken, after 
cooling to room temperature, using copper radiation and a nickel filter. 
The small amount of quartz which was present in the sample gave per- 
sistent lines throughout the temperature range. The strongest quartz line 
at 3.349 A maintained approximately the same intensity in each pattern 


and served as a datum to which changes in the intensity of coffinite lines 
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could be referred. Table 3 shows the first four coffinite lines with intensi- 
ties based on the quartz line at 3.349 A considered as 10. 

In the interval between 200° C. and 400° C. a slight decrease occurs in 
the intensity of coffinite lines. There is also a slight shift of the first three 
lines towards lower spacing values, although the significance of this shift 
is uncertain. At 500° C. there is a pronounced drop in the intensity of 


TABLE 3. X-Ray DIFFRACTION OF COFFINITE HEATED IN AIR 
(Jackpile mine, New Mexico) 
Intensities computed taking strongest quartz line 10 
Cu/Ni Radiation 





Unheated 200°—400° C. 500° C. 600° C. 


dA I dA I dA I dA I 
4.668 9 4.619 8 4.595 23 4.595 1 
3.470 10 3.437 9 3.424 3 3.386 1 
3.349* 10 3.336* 10 3 :349* 10 3.349* 10 
2.778 4 2.761 3 2.761 1} very weak 
2.642 6 2.642 5 2.627 1} very weak 

700° C. 840° C. 960° C. U;Ost 

dA I dA I dA I dA I 
4.110 1 4.110 7 4.110 8 4.110 4 
3.386 1 3.386 8 3.386 6 3.390 10 
3.349* 10 3.349* 10 3.349* 10 
2.627 1 2.627b 7 2.627 6 2.62 7 
very weak lines 2.069 1 2.074 1 2.06 3 


* Strongest a-quartz line. 
t Milne (1951); ASTM card No. 40511 
b=broad. 


the coffinite lines and the three strongest lines shift toward lower d 
values. At 600°-700° C. the intensity of the two strongest lines shows a 
further drop, and the other lines are extremely weak; also, the first line 
drops to 4.110, the value for the first line of U;Os. The strongest coffinite — 
line drops to 3.386 A at 840° C. It is noted that the three strongest coffin- 
ite lines 4.668 A, 3.470 A, and 2.642 A shift to 4.110 A, 3.386 A, and 
2.627 A values respectively, which correspond to the three strongest lines 
of the pattern for U;Os. At 840° C. the intensities of the U;Os lines in- 
crease and some additional lines are developed. At 960° C. the pattern 
developed agrees with U;Os. Gruner and Smith (1955) report that cof- 








412 1. M. ABDEL-GAWAD AND P. F. KERR 


finite showed some decrease in cell dimensions when heated in air at 
500° C., while virtual destruction of the lattice occurred at 600° C. 
Fuchs and Hoekstra (1959) place the stability limits for synthetic coffin- 
ite at 500° C. in air and 1000° C. in vacuum. 

In summary, the three strongest coffinite lines decrease sharply in 
intensity at 500° C. and show some shift toward the spacings of the three 
strongest U;Qs lines. The shift in spacing toward U,Qs lines is completed 
by 840° C. and is accompanied by an increase in line intensities and defi- 
nition. 


Loss OF WEIGHT AND CHANGE IN COLOR 


In a further attempt to investigate the nature of the reactions shown 
in the D. T. A. of coffinite-bearing ‘‘asphaltite,’’ a dried sample from the 
Jackpile mine, New Mexico was heated in an electric oven for one hour 
at each of the following temperatures: 110, 200, 300, 400, 500, 600, 700, 
and 960 degrees centigrade. After each heating the sample was weighed 
on a sensitive balance after allowing to cool in a desiccator to room tem- 
perature. Up to 400° C. (Fig. 3) the loss of weight amounts to only two 
per cent of the weight at 110° C. Between 400° C. and 500° C. a sharp 
drop in weight occurs. The weight at this temperature is found to be 
33.3 per cent of the weight at 110° C. From 500° C. to 960° C. the weight 
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WAVE LENGTH IN MICRONS 
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WAVE LENGTH IN MICRONS 


Fic. 4. Infrared absorption of coffinite 


is essentially stable, the final weight per cent of the sample at 960° C. 
being 33.28. Coffinite-bearing ‘‘asphaltite” from La Sal No. 2 mine lost 
53 per cent of its weight on heating in air at 410° C. for two days. The 
loss of weight is accompanied by the evolution of CO, and H.O caused 
by the oxidation of the organic material. 

Color changes in coffinite-bearing samples have been observed (Fig. 3) 
after several stages of heating. Up to 400° C. it remains black. Between 
400° C. an 500° C. a rapid change is observed from black to gray to 
brownish-gray. At 600° C. it becomes yellowish-brown and retains this 
color until it becomes greenish-gray at 960° C. Similar color changes 
were observed by Stieff ef al. (1956). 


INFRARED ABSORPTION OF HEAT TREATED SAMPLES 


Coffhinite samples from the Jackpile mine and La Sal No. 2 mine were 
selected for infrared absorption study (Fig. 4). Curves were obtained 
both for samples containing organic material and for samples heated at 
410° C. for two days to eliminate organic material. 

The organic-free samples showed stronger silica absorption bands 
than samples contaminated with organic material as may be observed by 
comparing curves No. 6 and No. 7 (Fig. 4). Curve No. 6 represents or- 
ganic material bearing coffinite from La Sal No. 2 mine; it shows two 
weak silica absorption bands near 9 and 11 microns. Increasing the 
thickness of the sample increases the opacity of the pellet and fails to 
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improve the absorption curves. Curve No. 7 represents coffinite from 
La Sal No. 2 mine free from the organic material; it shows two distinct 
and strong bands near 9 and 11 microns. Curve No. 6 is similar to a 
previously published curve of coffinite from the same locality by Stieff 
et al. (1956, Fig. 1, p. 687). 

In a discussion of infrared absorption by the SiO, group, Eitel (1954, 
p. 17) concludes that the active inner characteristic vibrations of the 
SiO, group (A= 10-12 yw) takes place at shorter wave lengths with increas- 
ing interlinkage of the SiO, tetrahedra. Quartz has a framework struc- 
ture with a maximum interlinkage between the silica tetrahedra groups 
and shows a strong absorption band which attains a maximum at 9.3 
(quartz from Herkimer County, New York, Fig. 4, curve No. 2). 

Quartz-free coffinite from the La Sal No. 2 mine shows an absorption 
band which attains a maximum at 9.2 uw corresponding to that of quartz. 
In addition, coffinite shows an absorption band at 11—11.2 uw indicating 
isolated tetrahedra (Launer, 1952). 

The presence of a moderate amount of quartz as an impurity in coffin- 
ite causes an overlap of the 9-10 yu silica bands for the two minerals 
which results in a broadening of the silica absorption in this region. This 
broadening effect tends to impair the resolution of the 11 « band of cof- 
finite which often shows as a flexure rather than as a distinct band (Fig. 
4, curve No. 3). Progressive removal of quartz causes a pronounced de- 
crease in the intentisy of the 9-10 w band and the appearance of a dis- 
tinct band near 11 yw characteristic of isolated silica tetrahedra (Fig. 4, 
curves No. 4 and 5). Quartz shows two additional bands at 12.5-12.8 u 
and 14.5 w but these do not appear in quartz-free coffinite. 

The infrared absorption study of silica in.coffinite points to agreement 
with the conclusion of Stieff ef a/. (1956) on natural coffinite and with 
Fuchs and Hoekstra (1959) on synthetic coffinite that the mineral has 
isolated silica tetrahedra in its structure. 

Coffinite shows a rather broad O-H absorption band which attains a 
maximum at 2.95 uw with a weak band at 3.5 uw. These two bands also 
appear in KBr blanks and quartz. Prolonged pressure at 200° C. results 
in the virtual disappearance of the bands for the KBr blanks, but does 
not eliminate them from either quartz or coffinite samples. 

A coffinite sample dried at 410° C. and another heated in air at 
750° C. for two days to insure the destruction of the coffinite lattice 
shows no difference in the 2.95 uw band. This indicates that the 2.95 yu 


band is probably caused by absorbed water rather than by an (O-H) 
group in the coffinite lattice. 
According to Keller and Pickett (1949) monomeric (O-H) within a 
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crystal lattice absorbs at 2.75 uw, dimeric bonded (O-H) groups absorb 
at 2.85 uw, and polymeric (O-H) groups absorb at 2.95 uw. The O-H ab- 
sorption of coffinite appears at 2.95 yw, is absent at 2.75 uw, and the slope 
of the absorption curve does not show any interruption at 2.85 uw. This 
indicates that the 2.95 uw band is caused by polymeric (O-H) groups 
caused probably by absorbed water. Water in the H,O form absorbs in 
the 2.8 w and 6.1 uw region, and therefore infrared absorption spectra do 
not distinguish between mechanically trapped H2O and H:0O which 
forms an integral part of the crystal as in gypsum or hydrogen bonded 
water (Keller and Pickett, 1954, p. 90). 

A KBr disc, slightly thicker than the sample disc, placed in the path of 
the standard infrared ray of a split beam recorder produces a negative 
H,O absorption band without any interruption in the 2.8-2.95 yu slope, 
indicating the absence of monomeric and dimeric (O-H) groups and also 
indicating that the absorption band in this region is caused by absorbed 
water. The absence of thermal reactions of coffinite free from organic 
material up to 1000° C. indicates the absence of the (O-H) group from the 
coffinite lattice. Fuchs and Hoekstra (1959) found that synthetic coffinite 
does not show any change in cell dimensions or line intensities for ma- 
terial heated to 1000° C. in vacuum and concluded that synthetic coffin- 
ite is USiO, without an essential hydroxyl component. 

Natural coffinite specimens from the Jackpile mine and La Sal No. 2 
mine are believed to have no essential hydroxyl component in the struc- 
ture and in this respect are similar to synthetic coffinite. 

Chemical analyses of natural coffinite (Stieff et a/., 1956) show a lower 
silica content than would be stoichiometrically proportional to uranium 
in the formula USiO, and have been considered to indicate a hydroxyl 
substitution of silica. However, Stieff et al. did not exclude the possibility 
that unseparated uranium oxide might account for the silica-uranium 
ratio discrepancy. 


OPTICAL OBSERVATIONS 


Under the microscope the black asphaltic material is opaque except in 
small fragments where it is translucent dark brown. ‘‘Asphaltite’’-free 
coffinite obtained by heating at 410° C. for three days consists of a mix- 
ture of coffinite aggregates and quartz. Coflinite is isotropic, transparent 
greenish-yellow in small fragments and mottled translucent brown in 
thick aggregates. Intergrowth of coffinite with quartz and possibly sur- 
face replacement of the latter may be observed in many grains. The 
replaced surfaces of the quartz grains show parallel striations suggesting 
preferred orientation of replacement parallel to the c-axis of quartz. The 
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precipitation of quartz with synthetic coffinite was observed by Fuchs 
and Hoekstra (1959), and coffinite from the Soviet Union has been re- 
ported Filipenko, 1958) to be associated with quartz. 


ELECTRON MICROGRAPHS 


Small portions of “‘asphaltite’’-free and quartz-free coffinite from the 
Jackpile mine were optically examined and then ground to minus 350 
mesh after which suspensions in collodion films were prepared for ob- 
servation under the electron microscope. Aggregates of coffinite appear 
almost opaque on the screen, but a tracing of the aggregate outlines 
taken from several electron photomi rographs indicates crystal bound- 


aries (Fig. 5 


Fic. 5. Crystal outlines of cothnite aggregates, traced from electron photomicrographs 


(OFFINITE AS AN INDICATOR OF HyDROTHERMAL ORIGIN 


Des riptions of occurrences and synthesis suggest that coffinite is 
worthy of consideration as a temperature indicator for Colorado Plateau 
uranium deposits. 

Coffinite has been reported (Sims ef a/., 1958) associated with uraninite 
in the Copper King uranium mine, Larimer County, Colorado. The 
mine occurs near the central part of a Precambrian batholith of Silver 
Plume granite known as the Log Cabin batholith. Coffinite and uraninite 
occur along the Copper King fault and are associated with a hydro- 
thermal assemblage of vein-forming minerals such as siderite, pyrite, 
marcasite, quartz, sphalerite, chalcopyrite, and magnetite. 

In the Soviet Union coffinite has been found (Filipenko, 1958) in tfis- 
sures in granite, It occurs in the form of thin lenses and irregularly shaped 
nests associated with pyrite, galena, and chalcopyrite, as well as quartz 
and severa. disintegration products of feldspars such as sericite and 
kaolinite. 
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Fuchs and Hoekstra (1959) synthesized coffinite by a hydrothermal 
procedure. They indicate that depolymerization of the polysilicate and 
the formation of USiO, occurs during the heating process rather than 
during the precipitation step and report that co-precipitation of uranium 
and silica is nec essary for coffinite synthesis. They also state that coffin- 
ite is not likely to form in nature by the reaction of finely divided UO, 
and colloidal silica. Reducing and alkaline environment were found to 
be essential to the formation of coffinite and the temperature limits are 
set at 200° C. to 360° C 


CONCLUSIONS 


The widespread urano-organic association in hydrothermal deposits 
suggests a hydrothermal source for the original uranium ions of the 
Colorado Plateau deposits. 

Liquid hydrocarbons from the San Rafael Swell may be indurated 
under conditions of elevated temperature in the range between 200° C 
and 300° C. The heated products give infrared curves similar to natural 
uranium-bearing ‘‘asphaltites’’ suggesting that the natural material 
could have been hardened by the action of hydrothermal solutions. 
Polymerization caused by irradiation is recognized as a possible originat- 
ing mechanism for materials of high radioactivity. However, indurated 
‘“‘asphaltites” low in radioactivity are abundant, and their physical con- 
dition is better accounted for by the action of heat derived from hydro- 
thermal solutions barren of uranium. 

Infrared, x-ray, and D. T. A. study of coffinite indicates that the 
mineral is a uranium silicate without an essential hydroxyl component. 
Hydrothermal occurrences of coffinite and the temperature of its syn- 
thesis suggest a special significance as a temperature indicator. 

The intimate coffinite-“‘asphaltite” association is not conceivable as a 
product of irradiation; at the same time, the uranium silicate is a likely 
product of hydrothermal action. 
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NORSETHITE, BaMg(COs;)2, A NEW MINERAL FROM THE 
GREEN RIVER FORMATION, WYOMING* 


Mary E. Mrosr, E. C. T. Cuao, Josepn J. FAHEY, AND CHARLES 
Mitton, U’. S. Geological Survey, Washington 25, D. ¢ 


ABSTRACT 


Norsethite, BaMg(CO;)o, was found in dolomitic black oil shale below the main trona 
bed in the Westvaco trona mine in Wyoming, associated with shortite, labuntsovite, sear 
lesite, loughlinite, pyrite, and quartz. It also occurs there in gray shale with abundant 
shortite and northupite, some searlesite and loughlinite, in a fine-grained matrix consisting 
essentially of quartz and pyrite 

Norsethite occurs as clear to milky-white circular plates or flattened rhombohedral 
crystals, 0.2-2.0 mm. across. The mineral is insoluble in water but is readily decomposed by 
cold dilute hydrochloric acid. Norsethite has hardness about 3.5; density 3.837 +0.005 

meas.), 3.840 (calc.); luster vitreous to pearly; fracture hackly; good rhombohedral cleav 

age. It is infusible before the blowpipe. Norsethite is uniaxial negative, and the indices of 
refraction are w= 1.694 and e=1.519. X-ray crystallographic studies show that the crystals 
are rhombohedral and have the following characteristics: possible space groups, R3m, 
R3m, or R32, the most probable being R32 (D;7), a subgroup of R3c, the space group of cal 
cite; hexagonal a=5.020+0.005 A, c=16.75+0.02; rhombohedral a,=6.29+0.01 A, 
a =47°02' +05’; volume 365.6 A® (hex 
unit. Crystal forms observed are c{ 10001}, a {1120!,m {1010},and r {1011}. The strongest 
v-ray lines are: 3.015 A (100), 3.860 (35), 2.656 (35), 2.512 (35), 2.104 (35), 1.931 (35), 
1.864 (35 


Norsethite has a structure similar to that of calcite. The structural relations of norseth 


cell contents: 3|BaMg(CQOs)s], in the hexagonal 


’ 


ite, dolomite, and calcite are discussed 

Chemical analysis of a 0.1 gm. sample gave: BaO 52.9, CaO 0.5, MgO 13.9, FeO 0.4, 
MnO 0.1, COz 31.2, NaO 0.2, SiO» 0.3, insoluble 0.4, total 99.9 per cent 

Norsethite is named in honor of Mr. Keith Norseth, engineering geologist of the trona 


mine at Westvaco, Sweetwater County, Wyoming 


INTRODUCTION 


The new mineral norsethite, BaMg(COs3)2, was discovered during the 
investigation of the authigenic minerals of the Green River formation 
of Wyoming, Utah, and Colorado. It occurs in microscopic quantities 
at the Westvaco trona mine which is about 18 miles west of Green 
River, Wyoming. So far, norsethite has not been found at any other 
Green River locality. 

The specimens that contained the crystals of norsethite were collected 
by Charles Milton who first observed this new mineral and named it in 
honor of Mr. Keith Norseth, engineering geologist at the Westvaco 
trona mine, in grateful acknowledgment of his friendly assistance in the 
mineralogical studies of these authigenic minerals. 


Publication authorized by the Director, U. S. Geological Survey 
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OCCURRENCE OF NORSETHITE 

Norsethite first was observed as clear to ni‘lky-white plates flattened 
parallel to the basal pinacoid (Figs. 1 and 4. 'n the dolomitic black oil 
shale which underlies the main trona bed at the Westvaco trona mine in 
Wyoming. There the mineral has been found associated with short- 
ite [NaeCa2(COs;);], labuntsovite [(Na,K).(Ba,Mg)(Ti,Al,Fe,Nb)SisOu 
(OH)¢], searlesite [NaBSi.O.,-H2O], loughlinite [Na2Mg,SigQi¢-8H20}, 
pyrite, and quartz. Norsethite also occurs at the Westvaco mine in a 
gray shale that consists largely of quartz and a small amount of py- 
rite; the associated minerals are abundant shortite and northupite 
{NasMgCl(CQs)o], and lesser amounts of searlesite and loughlinite. The 
water-insoluble residue of trona core from an unknown depth, drilled 
in the area of the Westvaco trona mine, yielded discoid masses of 
norsethite ( Fig. 2). In addition, good crystals of the type shown in Figs. 
1 and 3 were obtained from the waste sodium-carbonate ‘“‘mud”’ dis- 
charged from the soda-ash processing plant at Westvaco, along with py- 
rite, shortite, dolomite, calcite, labuntsovite, barytocalcite |CaBa(COs)o], 
leucosphenite |Na;CaBaBTi;SigO29]; and witherite [BaCQs]. 

Thus far, norsethite has not been found in the dolomitic oil shales of 
Utah or Colorado. 


MINERAL SEPARATION 


Norsethite crystals were isolated from the rock specimens, the trona 
core, and the waste sodium-carbonate ‘“‘mud”’ by heavy-liquid separation 
(bromoform), followed by hand-picking under the binocular microscope. 
Associated with norsethite in the waste ‘‘mud” were crystals of baryto- 
calcite and witherite, nearly identical in habit with those of norsethite. 
Norsethite could not be distinguished readily from barytocalcite and 
witherite by means of indices of refraction, or by specific gravity, since 
Clerici solution attacks carbonates. It was necessary to check each indi- 
vidual crystal of such habits under the microscope; norsethite is uniaxial 
negative, whereas barytocalcite and witherite are both biaxial negative 
with small 2V. 

The material submitted for the chemical analysis (0.1 gm.) was ob- 
tained from a single specimen of dolomitic shale which was free from 
barytocalcite and witherite. In this instance only bromoform separation 
was required. 


PHYSICAL AND OpTICAL PROPERTIES 


Norsethite occurs as clear to milky-white circular plates or flattened 
rhombohedral crystals with diameters ranging from 0.2 to 2.0 mm. 
(Figs. 1-4). Some crystals, as well as irregular grains, show corrugated 
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or flattened edges; the thick corrugated grains are pumpkin-shaped. 
The mineral has a vitreous luster, a hackly fracture, and good rhombo- 
hedral cleavage }1011}. Its hardness is about 3.5. Norsethite is insoluble 
in water but is readily decomposed by cold dilute hydrochloric acid. It 
is infusible before the blowpipe. The specific gravity, determined on 
small crystals of norsethite on the Berman microbalance, using toluene 
as the immersion liquid, is 3.837+0.005 (an average of six different de- 
terminations); for large crystals, 3.810+0.005; the calculated specific 
gravity is 3.840. Most of the crystals of norsethite that were examined 





Fic. 5. X-ray powder photographs (Cu Ka radiation). (above) Calcite, Westvaco trona 
mine, Sweetwater County, Wyoming. (middle) Norsethite, Westvaco trona mine. (below 
Dolomite, Binnental, Switzerland 


under the microscope showed fluid inclusions or cavities; some appear as 
channels normal to, and in between, the rhombohedral faces, as shown in 
Fig. 1 and 4. The presence of cavities and channels in the large crystals 
undoubtedly accounts for the difference between the observed and calcu- 
lated values. 

Optically, norsethite is uniaxial negative. The mineral is colorless in 
transmitted light. The indices of refraction were determined by the im- 
mersion method using sodium light and were corrected to 25° C. The 
error of measurement probably is not greater than +0.001; w= 1.694 
and e=1.519; A=0.175 (Na). 

The rule of Gladstone and Dale |(7—1),d=K] was found to hold 
surprisingly well for norsethite. Norsethite with d=3.837 (meas.) and 
K =0.16632 (based on the recalculated chemical analysis in Table 3) 
gives dK +1= 1.638 for the calculated mean index and (2w+e), 3= 1.636 
for the measured mean index. 
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CRYSTALLOGRAPHY 
Mor phology 

The faces on the well-formed crystals of norsethite gave only fair sig- 
nals on the optical goniometer. The forms observed were identified 
readily from goniometric measurements correlated with the single-crystal 
x-ray results. The morphology of the largest crystals measured (averag- 
ing 1.0 mm. in diameter) consists only of a well-developed base |0001} 
and the rhombohedron }1011}. The small crystals (less than 0.5 mm. in 
diameter) showed, in addition, the first order prism {1010} and the 
second order prism {1120}, as very narrow faces. 

The notable absence of a bipyramidal form on any of the numerous 
crystals examined made it impossible to determine the crystal class from 
morphological considerations alone. The crystals are holohedral in habit. 
They gave no positive piezoelectric response on the Giebe-Scheibe appa- 
ratus. This evidence would suggest that the crystal class is either rhom- 
bohedral (3) or scalenohedral (32/m). Both these possibilities were elimi- 
nated and the crystal class was established as trigonal-trapezohedral (32) 
from a consideration of the space group criteria and the structural rela- 
tion of norsethite to calcite (see discussion on page 426). 


X-ray powder data 

An x-ray powder diffraction pattern of norsethite (film no. 11793) was 
taken in a 114.59 mm. diameter Debye-Scherrer camera with nickel- 
filtered copper radiation (A= 1.5418 A), using both the Straumanis and 
Wilson techniques (Fig. 5). Film measurements were corrected for shrink- 
age. All interplanar spacings and intensities for the observed lines are 
given in Table 1, column 2. The intensities were estimated visually by 
comparison with a calibrated intensity strip. Interplanar spacings were 
calculated from the x-ray cell constants down to a value of dy,.,= 1.005 
A on a digital computer using a program developed and carried out by 
Daniel E. Appleman. All calculated spacings for d,,.,;> 1.000 A for norse- 
thite are listed in Table 1, column 1. 


Single-crystal x-ray data 

A thin, tabular, hexagonal-shaped crystal of norsethite (approxi- 
mately 0.5 mm. in diameter) was examined by the Buerger precession 
method. A quartz-calibrated precession camera was used with zir- 
conium-filtered molybdenum radiation (A=0.7107 A) to obtain the 
hO-l, hi-l, hk-O, hk-1, and hh-l net planes. These photographs estab- 
lished the lattice as rhombohedral and, together with the film measure- 
ments (corrected for horizontal and vertical shrinkage), led to the crys- 


tallographic data given in Table 2. 
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TABLE 1, COMPARISON OF X-Ray PowbER DATA FOR NORSETHITE, 
DOLOMITE, AND CALCITE 


Norsethite, BaMg(COs)2 Dolomite, CaMg(COs)) Catcite, CaCO 

Westvaco trona mine, Ross Tow nship, 

Sweetwater Co., Wyoming Haley, Ontario 
: Howie and 


Sy nthetic 
Swanson and Fuyat, 


rece S c 
Present Study Broadhurst, 1958 1953 
(1 (2 (3) (4) 
Calculated* Measured! Measured‘ Measured4 
rk d) dan. I dar. I dak. I 
00.3 5.583 5.584 25 
10.1 4.208 4.210 30 4.025 ; 
01.2 3.859 3.860 35 3.690 5 3.86 12 
10.4 3.016 3.015 100 2.886 100 3.035 100 
00.6 2.792 2.795 3 2.670 10 2.845 3 
01.5 2.654 2.656 35 2.540 8 
11.0 2.510 2.512 35 2.405 10 2.495 14 
11.3 2.289 2.290 25 2.192 30 2.285 18 
02.1 2.156 2.154 25 2.066 15 
20.2 2.104 an 2.015 15 2.095 18 
10.7 2.096 2.104 ” 
02.4 1.929 1.931 35 1.848 5 1.927 5 
01.8 1.886 1.890 25 1.804 20 1.913 17 
11.6 1.867 - 1.786 1.875 17 
00.9 1.861 1.864 35 1.781 30 
20.5 1.824 1.824 3 
21.1 1.635 1.636 6 1.567 8 1.626 4 
> ie 612 
a 7 os 1.612 18 
10.10 1.563 1.563 6 1.496 2 1.587 2 
21.4 1.530 1.530 25 1.465 5 1.525 5 
20.8 1.508 1.510 6 1.445 4 1.518 4 
11.9 1.495 1.496 6 1.431 10 1.510 3 
12.5 1.475 1.475 9 1.413 4 1.473 2 
03.0 1.449 1.448 9 1.389 15 1.440 5 
01.11 1.437 1.437 2 
03.3 1.403 1.404 6 
30.35 
00.12 1.396 1.398 6 1.335 8 1.422 3 
21.7 1.355 1.356 9 1.297 4 1.356 1 
02.10 1.327 1.328 9 1.269 4 1.339 2 
12.8 1.293 1.295 9 1.238 5 1.297 2 
o>) | (6 1.286 9 1.284 1 
30.6 
22.0 1.255 1.256 6 1.202 3 1.247 1 
20.11 1.247 1.248 4 
10.13 1.235 1.237 3 
22.2 1.224 1.222 9 1.168 4 1.235 2 
11.12 1.220 oe 
13.1 1.203 1.203 3 


* Calculated from cell data for norsethite given in Table 2. 
Film corrected for shrinkage. Camera diameter, 114.59 mm. CuK, radiation, Ni 
filter (A= 1.5418 A). Lower limit 20 measurable, approximately 7.0° (12.6 A 
Powder data obtained on diffractometer with CuKg radiation. 
4 Pattern made with a high-angle Geiger-counter, spectrometer, using a sample of 
exceptionally high purity. CuK, radiation (A= 1.5404 A at 26° C 


t 


(Continued on next page) 
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TABLE 1 (Continued) 
Norsethite, BaMg(COs)2 Dolomite, CaMg(CO 
Westvaco trona mine, — Township, 
Sweetwater Co., Wyoming — , a” 
rece t St | owe an . 
Presen ati Broadhurst, 1958 
1 2 3 
Calculated" Measured! Measured 
hkl dai dni I dy 
31.2 1.193 1.193 4 1. 14- 2 
21.10 1.173 1.173 4 1.123 5 
13.4 1.159 1.160 9 . 
01.4 1.154 1.154 3 
22.6 1.145 
03.9 1.144 1.144 4 1.096 3 
30.9 1.144 
31.5 1.135 1.135 6 
00.15 ey . 1.068 1 
] 1.119 3 
12.11 ru 
02.13 1.108 1.108 3 
40.1 1.084 1.086 3 
04.2 1.078 a 
13.7 1077 ale 6 
40.4 1.052 1.051 3 1.008 4 
20.14 1.048 1.046 6 
31.8 1.042 : . 1.001 5 
22.9 1.041 5 O82 , 
04.5 1.034 1.033 3 
11.15 1 020 1.020 j 
10.16 1.018 5 : 0.973; 3 
( 5 
21.13 1.014 a Oe , 
03.12 7 i 
ts) ) 0 906? 5 
0) 12 1.00 1.006 6 ).962 
0.9893 3 0.949 1 
0.9799 3 0.930 l 
0.9717 6 0.926 3 
0.9683 6 0.923 3 
0.9559 3 0.913 1 
0.9499 3 0.909 2 
0.9469 3 0.903 1 
0 9343 4 0.894 2? 
0.9223 3 0.835 } 
0.9117 3 0.821 2 
0.9017 } 
0. 8989 6 
0.8961 3 
* This line was obscured by a line of the Si standard 


Structural relation to calcite and dolomite 


A search of Crystal Data (Donnay and Nowacki, 1954) showed that 
dolomite [\CaMg(CO )o 
close to that of norsethite [BaMg(COs3)9]. This, coupled with the fact 
that these three minerals have remarkably similar crystallographic data 


(Table 2) as well as physical and optical properties, strongly suggested 
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Swanson and Fuyat, 


1953 


4 
Measured® 


—_ 
_ 
a 
w 


1.1244 


0473 
0613 
0447 


— — 


1.0352 
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that norsethite must be a member of the same structure group as dolo- 
mite and calcite. Comparison of the x-ray powder films (Fig. 5) and the 
powder diffraction data (Table 1) for the three minerals indicated a 
strong structural resemblance between norsethite and calcite (space 
group R3c), and between norsethite and dolomite (space group R3). 

The Buerger precession photographs of norsethite indicated only three 
possible space groups for the mineral: R3m, R3m, or R32. Neither R3m 
nor R3m is a possible sub-group of R3c or of R3. Since evidence indicates 
that norsethite has a structure similar to that of calcite, and since R32 
is the only one of the three possible space groups for norsethite which is 
listed as a sub-group of R3c (the space group of calcite), it follows that 
the space group of norsethite must be R32. 

In order to elucidate the relation of the norsethite structure to the 
calcite and dolomite structures, a determination of the structure of 
norsethite has been undertaken and will be published in detail at a later 


date. 


PABLE 2. COMPARISON OF CRYSTALLOGRAPHIC DATA FOR NORSETHITE, 
DOLOMITE, AND CALCITE 


Mineral Norsethite Dolomite Calcite 


Locality Westvaco mine, Sweet- Ross Township, Ha- Synthetic 


water Co., Wyoming _ ley, Ontario 
Reference Howie and Broad 
hurst, 1958 


Present Study Swanson and Fuyat, 


1953 


Symmetry Hexagonal-R; trapezo- Hexagonal-R; rhom- Hexagonal-R; scale 


hedral-32 bohedral-3 nohedral-32/m 


Cell Constants 


a 5.020+0.005 A 4.810+0.002 A 4.989 A 
é 16.75 +0.02 16.02 +0.001 17 .062 
c/a 3.337 3.330 3.420 
dr 6.29 +0.01 \ 6.020 A 6.375 A 
a 47°02'+05 47°07’ 46°04’ 
Space Group R32 R3 Re 
Volume (hex 305.6 A 321.0 A3 ‘ 367.8 A 
Cell Contents (hex 3{[BaMg(CO 3({CaMg(COs).] 6({CaCO 
Density (cak 3.840 2.872* 2.711 
obs. ) 3.837 +0.005 2.86* 


* Quoted from 


Zen (1956) 
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CHEMISTRY 


Except for the determination of COs, the classical proc edures of 
Hillebrand ef al. (1953) were followed in the chemical analysis of norseth- 
ite which was made on a 0.1 gm. sample obtained from a single speci- 
men. Carbon dioxide was determined volumetrically by measuring the 
gas evolved when the sample was treated with (1+3)HCI and, after 





reducing to standard conditions, applying the factor to convert volume of 
CO, to mass (Fahey, 1946). 


The quantitative spectrographic analysis for minor elements in 
norsethite, cited below, was made by Harry Bastron of the U. S. Geo- 
logical Survey: 

Ca 0.40 Sn 0.002 

Na 0.2 li 0.001 

Fe 0.15 Cu 0.0005 ; 
Mn 0.049 Cr 0.0004 i 
Sr 0.022 Be 0.0002 : 
\l (0.016 

Looked for, not found: Ag, Au, Hg, Ru, Rh, Pd, Ir, Pt, Mo, W, Re, Ge, Pb, As, Sb, 
Bi, Te, Zn, Cd, Tl, In, Co, Ni, V, Ga, Sc, Y, Yb, La, Zr, Th, Nb, Ta, U, Li, P, and B 

The chemical analysis of norsethite is given in Table 3. The formula 
derived from this analysis is BaMg(COs3)e. The recalculated chemical 
analysis is in good agreement with the theoretical composition. 


TABLE 3. CHEMICAL ANALYSIS OF NORSETHITE, BaMg(CO 
Analyst: J. J. Fahey 





Determined Molecular Vheoretical 
Per Cent Recalculated Ratios Composition 
BaO 52 ? 53 5 1.00 54.44 
CaO 0.5 0.5 
MgO 13.9 14.0 14.31 
FeO 0.4 0.4 1.00 
MnO 0.1 0.1 
CO 31.2 x) 2.01 31.25 
Na,O' 0.2 
SiO.' 0.3 
Insol.¢ 0.4 
Total 99 9 100.0 100.00 


Potal iron as FeO 


Determined spectrographically by Harry Bastron. 
© Soluble in (1+3)HCI. 
4 Insoluble in (1+3)HCI. 











NORSETHITE, BaM g(CO;)2 429 


Using the measured specific gravity determination of 3.837, the chemi- 
cal analysis in Table 3, and the cell constants for norsethite, the experi- 
mental molecular weight of the unit cell is 844.6. The calculated cell 
contents approach very closely the formula 3[BaMg(COs;)9]. 
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NOTES AND NEWS 
AN OCCURRENCE OF SAPONITE NEAR SILVER BAY, MINNESOTA 


J. A. WHe an, Dept. of Mineralogy, University of Utah. 
H. Lepr, Dept. of Geology, University of Minnesota, Duluth Branch. 
INTRODUCTION 

Saponite and saponite-like minerals (thalite) were described from the 
flows of the north shore of Lake Superior by some of the first geologists 
in the area (Winchell, 1900). These minerals subsequently escaped at- 
tention until 1954 when a high concentration of a white clay mineral was 
discovered in altered basaltic flows during the construction of the Re- 
serve Mining Company’s taconite plant at Silver Bay, Minnesota. This 
clay mineral was first definitely identified as saponite by Whelan at the 
University of Minnesota, utilizing x-ray diffraction. 

Following the discovery of the saponite near Silver Bay, field work by 
Lepp showed that saponite is acutally a common minor constituent of 
the Keewanawan flows of the north shore of Lake Superior. The saponite 
occurs in amygdules and in fracture zones in these volcanics. It varies 
in color from white to tan to light green and is usually associated with 
one or more of the zeolites, and with calcite and quartz. Its occurrence as 
a lining or rim in certain amygdules suggests that it may be an alteration 
product of one or more of the zeolites. 

The laboratory work described in this paper was done by Whelan at 
the University of Utah. The mineralogic and chemical analyses re- 
ported herein were all conducted on saponite from the Silver Bay lo- 
cality, because this was the best source of pure material. 


OPTICAL AND PHYSICAL PROPERTIES 


The saponite is white but is sometimes stained to a very light tan. It 
has a soapy feel and a hardness of two. Its specific gravity, as determined 
with a Berman microbalance, is 2.10+0.02. While crushing saponite 
fragments for laboratory studies, several were found to contain round, 
frosted, quartz fragments up to 1 mm. in diameter. These were removed 
by hand-picking. The crushed and ground saponite contained less than 
two per cent impurities, chiefly on unidentified tabular mineral, barely 
visible under high magnifications. The saponite is anisotropic with a 
mean index of refraction of about 1.49 and moderate birefringence. It 
exhibits a radial fibrous to matted fibrous habit under the petrographic 
microscope and an irregular habit under the electron microscope. 
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X-RAY DIFFRACTION DATA 


The saponite was first identified from a powder photograph taken at 
the University of Minnesota. Later work was done at the University of 
Utah with a Norelco high-angle diffractometer utilizing CuK, radiation. 
A depression mount was used to hold the sample. The data from the 
Minnesota saponite, together with a pattern of saponite from Cathkin 
near Glasgow, Scotland (Faust and Murata, 1953) are given in Table 1. 
Treatment of an oriented smear with ethylene glycol expanded the basal 
(001) refraction of the Minnesota saponite to 18.0 A. 














fe) i00. 200 300 400 500 600 700 800 9300 1000 
TEMP. °C 


Fic. 1. DTA curve, Silver Bay saponite 


This saponite would have an approximate structural formula of 
Mg3.0Alo.6Sis.sO10(OH)2-nH.O, X=0.6. The analyses indicate that cal- 
cium is the exchangeable interlayer ion. 


DIFFERENTIAL THERMAL ANALYSIS 

The DTA curve of this saponite is shown as Fig. 1. The first endo- 
thermic reaction (175° C.) represents the loss of interlayer water. The 
second endothermic reaction (310° C.) probably represents the loss of 
water coordinated around interlayer ions. This reaetion occurs at a 
higher temperature than is usual for montmorillonite-type minerals. 
Usually the loss of coordinated water is represented by a break on the 
high temperature side of the first endothermic reaction. The two low 
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temperature endothermic reactions make the DTA curve of this saponite 
similar to curves of vermiculite (Grim, 1953, p. 199). Several runs were 


PaBLe 1. Y-Ray Powper DATA For SAPONITE DrieEp AT RooM TEMPERATURE 
(Cu/Ni; 1.5418 A) 


Saponite, Cathkin near Glasgow, Scotland 


Saponite, Silver Bay, Minnesota ;' | Murata. 1953 
(Faust and Murata, 195. 


d(A) I* Notes d(A) I Notes aan 
Indices 

15.0 100 14.8 vs (O01) 
7.71 m Broad (002 

4.93 54 5.14 m Broad 003 

4.58 100 4.59 ms Broad 110)(020) 
4.34 vvi 

3.71 32 3.79 vw 004 

3.04 88 3.09 m 005) 

2.969 90 

2.660 2.613 m 

96 Broad Band 2.545 m Diffuse 200) 

2.436 

2.287 28 

2.136 20 

1.875 20 1.852 vvi 

1.725 28 1.747 W 150) 
1.703 W 310 

1.670 12 

1.599 8 

1.530 10 1.543 s Broad 060 
1.498 vvvi 

1.423 s 1.458 vvvi 

1.361 20 

1.326 1.327 m Broad 260 

40 

1.311 
1.278 vvvi Broad 400) 
0.999 vvvi Diffuse 
0.890 vvvi Broad 550) (390) 


* Intensities of 00/ reflections based on oriented aggregates. 
CHEMICAL COMPOSITION 


A spectrochemical analysis was made with the following results: 
Major: Mg, Si, Al, Ca 
Minor: Fe, Mn 
rrace: Co, Ni (Determined semiquantitatively as 0.04%). 


Not Found: Sb, As, Ba, Be, Bi, B, Cd, Cr, Cb, Cu, Ga, Sn, Ti, W, V, Zn, Zr. 


A partial wet analysis is given in Table 2. 


2 ns OE 
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TABLE 2. CHEMICAL ANALYSES 


Thalite, Knife River, Minn. 


Silver Bay Sz ite . 
ilver Bay Saponite (Winchell, 1900) (P-168) 


SiO. 42.8 42.38 
AbLOs 6.2 7.37 
MgO 25.2 23.29 
CaO 4.9 5.82 
Loss on ignition+120° C. 9.1 7.80 
H:O 11.9 10.38 
Fe (total) 0.35 FeO; 2.65 

K,O 0.19 

Na,O 0.36 
Potal 100.45 99 .94 


Analyst: Lester Butcher. 


made to determine if impurities were responsible for the 310° C. re- 
action. Impurities were not the cause, as this reaction was reproducible 
both as to temperature and size in samples over 98 per cent saponite. 


INFRARED ABSORPTION SPECTRUM 


The infrared absorption spectrum was determined on a Perkins Elmer 
Model 21 double-beam spectrometer with a NaCl prism. One mg. of 
saponite per 400 mg. infrared grade potassium bromide was used for 
disks. The spectrum is not definitive. Bands are as follows: O-H stretch, 
3.0; O-H bend 6.18; and broad silicate bands at 9.7 and 10.25. This 
spectrum is generally comparable to those of other montmorillonite-type 
minerals. 

SUMMARY AND CONCLUSIONS 


Saponite of the composition Mg; 9Alo.¢Sis.sOi(OH)s-nHsO, X=0.6, 
Ca/ 2, occurs in the Keweenawan basalt flows at Silver Bay and elsewhere 
along the north shore of Lake Superior. Its fibrous habit indicates that 
it may have formed by the alteration of a fibrous zeolite. 
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SIX-LAYER ORTHO-HEXAGONAL SERPENTINE 
FROM THE LABRADOR TROUGH 


EDWARD J. OLSEN, Chicago Natural History Museum, Chicago, Illinois. 


Brindley and von Knorring (1954) described a new variety of ortho- 
antigorite from Unst in the Shetland Islands. In an x-ray powder pat- 
tern the mineral is characterized by a band of eleven closely spaced lines 
with the band head at (020). These lines indicated a superstructure pa- 
rameter in either the x or 2 direction. By analogy with synthetic 6-layer 
Ge analog of serpentine prepared by Roy and Roy (1954), Zussman and 
Brindley (1957) re-indexed the pattern on the basis of a 6-layer ortho- 
hexagonal cell (c=43.59 A) and demonstrated excellent agreement be- 
tween calculated and observed d-values. The new polytype was called 
6-layer ortho-hexagonal, or Unst-type, serpentine. Additional occur- 
rences of this mineral are rare. Gillery (1959) reported 6-layer mixed 
with 1-layer serpentine from films supplied by W. S. Bailey, University 
of Wisconsin. 

In 1957, during the course of an investigation of the serpentinized 
ultramafic sills along the eastern side of the Labrador Trough (Quebec- 
Labrador), the writer collected unusual serpentine material which was 
subsequently identified as the Unst-type. 


OCCURRENCE 

The occurrence is located 3.5 miles east of Thompson Lake at 
55°20’ N., 66°10’ W. Thompson Lake is 45 air miles northeast of the 
town of Knob Lake, Quebec-Labrador. The mineral occurs in veins cut- 
ting a serpentinite sill. The vein material is naturally broken up into 
conchoidally fractured, potsherd-like pieces. It is dull dark green on the 
fresh surface and completely grainless, texturally resembling flint. It is 
monominerallic and free of even the usual magnetite impurity of the 
serpentinites. The sill is an altered wehrlite (olivine-clinopyroxene) 
which has been largely converted to antigorite, chrysotile and tremolite, 
with remnants of chrysolite and diopsidic augite. Both the sill and the 
surrounding country rocks (metasediments and metavolcanics) have 
mineralogies consistent with the epidote-amphibolite facies. 


OPTICAI 


In thin section, with transmitted light, the vein rock is medium green. 
The grain size is too small to be « learly resolved and interference figures 
are unobtainable. The birefringence appears to be of the order of 0.003. 








: 
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It looks quite similar to the petrographically recognized “‘mineraloid”’ 
called serpophite (Lodochnikov, 1936; Kerr, 1959, p. 415). Crushed 
fragments immersed in oil showed a fair match around 1.565. Each frag- 
ment, of course, consisted of an aggregate of minute grains. 


CHEMICAL 


An analysis of the mineral is given in Table 1. Zussman (1956), 
Brindley (1954, 1956), and Brindley and von Knorring (1954) have al- 
ready noted the difficulties in assigning a structural :-formula to the Unst- 
type serpentine. A variety of forms are possible depending on the assump- 
tions used. Without going further into the matter, the structural formula 
below was calculated on the basis of 18 oxygens which is a standard first 
approximation and serves for comparison. 


~~ 


r ree 


{Mgs.er7Mny ooske Fe Cro Alo.o6sNa@o.031 Tio.oos| 5.734 atoms 
|Si ei Al so| 4 atoms 
1}O9.373(OH)s 627] 18 atoms 


(For purposes of computation all R2O was calculated as Na2O.) 

This formula is similar to the 18-oxygen formulae of Brindley and von 
Knorring (1954) in the following respects: the silicon ion content is be- 
low, and the hydroxyl ion content above the ideal proportions by 
amounts larger than analytical error; the octahedral total is below the 
ideal value of 6. In contrast, the Thompson Lake sample is much higher 
in total RO; than the analyzed samples from Unst. 

Gillery (1959) made a hydrothermal study of Mg-Al serpentines and 
chlorites. His starting gels were mixed according to: (6—x«)Mg0O, 
xAlsO3, (4—x)SiO., 4H.O. Fibrous serpentines lie between x=0 and 
x=0.24 (approx.). Natural platy serpentines are stable between «=0.24 
and x=0.50. Above 0.50 chlorite is stable, though 1 and 6-layer serpen- 
tines may form metastably as transient phases. On the basis of Gillery’s 


PABLE 1. CHEMICAL ANALYSIS OF 6-LAYER SERPENTINE, 
THOMPSON LAKE, QUEBEC-LABRADOR 


SiO. 38.50 Na,O 0.17 
TiO. 0.07 K.O 

ALO 4.09 H.O* 13.79 
Fe2O; 3.32 H.O 0.94 
FeO 1.29 CO. . 0.00 
MnO 0.05 CroO; 0.05 
MgO 3.75 

CaO 0.00 Total 100.22 


Analyst: Dr. H. B. Wiik, Helsinki, 1960 
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diagram (Fig. 1, p. 149) the Thompson Lake sample lies at x=0.35 
R.O;. With respect to the 18-oxygen formula given above the partition 
of trivalent ions between tetrahedral and octahedral positions is 0.39 and 
0.32, respectively. Gillery’s formula ideally implies equality between 
these two positions. 

It is puzzling that the analyzed Unst samples (Brindley and von 
Knorring, 1954) give values of x at 0.11 and 0.12 R.O;, which places 
them in the field of fibrous serpentines on Gillery’s diagram. However, 
Gillery examined compositions at x=0 and x=0.25 and none between. 
He based his break between fibrous and platy forms (approx. 0.24) on 
the statement of Nagy and Faust (1956) that analyses in the literature 
show that fibrous polytypes may carry up to 2.9+1.9[ R,O;. However, 
the very careful analyses of Kalousek and Muttart (1957) give average 
Al,Os at 0.23+0.12% and Fe,O; at 0.67+0.41% . These percentages 
indicate a maximum x-value around 0.06 R.O; for their data on fibrous 
serpentine. Kalousek went to great pains to purify his sample from oxide 
impurities. The writer has often observed opaque grains in thin sections 
where the grains were barely resolvable specks of dust size. It is likely 
that contaminants were present in many of the older analyses, such as 
those referred to by Nagy and Faust. On this basis it is suggested that 
the break point between fibrous and platy polytypes might more prop- 
erly lie around x«=0.10 RO». This would place the platy Unst minerals 
in the appropriate field. 


POWDER DIFFRACTION DATA 


The diffraction pattern of the Thompson Lake serpentine was made 
on a Norelco powder camera (114.5 mm.) using filtered FeKa radiation, 
and repeated on a General Electric XRD-5 diffractometer using filtered 
CuKa radiation. The observed data given in Table 2 were made from 
the film measurements. Forty-three lines were observed; however only 
the first thirty-five are reported in order to compare them with the data 
of Zussman and Brindley (1957). 

The spacings are closely comparable to those of Zussman and Brindley 
(1957) with less than 0.5°% difference between their observed values and 
those found for the Thompson Lake sample However, the spacings 
(006), (025), (00,12), (02,13) and (00,18) show differences of 0.82%, 
2.00%, 0.93%, 2.24% and 0.50% respectively. All these differences, 
excepi (02,13), are in the direction of being shorter than the observed 
spacings in the Unst sample. Although no consistent pattern is followed 
throughout the data, they do suggest that (O0/) spacings, at least, re- 
fect the differences in composition between the two samples. Gillery 


(1959) noted that the basal spacing in 6-layer serpentine decreases with 





—_— 











n 








ee 


NOTES 





AND NEWS 437 


TABLE 2. X-Ray PowpEeR DATA 


Unst (Zussman & Brindley, 1957) 


ye deate I/lo 
7.33 7.265 100 
4.597 4.610 60 
4.403 4.393 10 
4.250 4.245 10 
4.088 4.075 10 
3.903 3.892 1 
3.662 3.632 100 
3.528 3.519 1 
3.348 3.338 1 
3.172 3.167 1 
3.015 3.005 1 
2.865 2.853 1 
2.720 2.711 1 
2.623 2 418 30 
2.502 2.499 100 
2.450 2.458 10 
2.425 2.422 10 
2.335 2.332 70 
2.149 2.147 60 
1.9629 1.9626 70 
1.8154 1.8162 1 
1.7905 1.7911 10 
1.7392 1.7424 10 
1.6360 1.6368 40 
1.5354 1.5367 80 
1.5013 1.5033 70 
1.4520 1.4530 1 
1.4148 1.4152 20 
1.3793 1.3803 20 
1.3271 1.3252 10 
1.3092 1.3090 50 
1.2958 1.2975 
1.2832 1.2832 1 
1.2759 1.2752 1 
1.2100 1.2108 10 


increase in ¢-value and iucrease in 


of basal spacing on Al (or Fe’”’) 


Thompson Lake 
(FeKa, \=1.93728 A) 


(hkl) 
dobs- I/Io 
7.27 100 006 
4.581 50 020 
4.420 10 023 
4.271 10 024 
4.006 10 025 
3.892 1 026 
3.628 70 00, 12 
3.517 1 028 
3.339 1 029 
3.167 1 02, 10 
3.019 1 02, 11 
2.851 1 02, 12 
2.781 1 02,13 
2.624 30 203 
2.503 80 206 
2.449 1 02, 15 
2.413 5 00, 18 
2.334 40 209 
2.147 30 20, 12 
1.9597 40 2. 15 
1.8090 1 00, 24 
1.7845 10 20, 18 
1.7400 10 310 
1.6331 20 20, 21 
1.5399 60 060 
1.5048 30 20, 24 
1.4480 1 00, 30 
1.4154 10 06, 12 
1.3750 10 20, 27 
1.3290 5 403 
1.3119 20 406 
1.2975 k 06, 18 
1.2846 1 109 
1.2720 1 20, 30 
1.2105 5 00, 36 


pressure. He explained the dependence 
<ubstitution on the basis of the higher 


electrostatic charge of opposite sign created by equivalent substitution 
in the 6 and 4 coordination layers. 


Gillery makes a distinction be 


tween two types of 6-layer structure: 
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6(3) type with /=2n usually more intense than /= 2n+1; 6(2) type with 
/=3n usually more intense than /=3n+1. Examination of the observed 
intensities for the Thompson Lake sample fixes it as a 6(2) type, which 
is also true of the Unst sample. 

Although the relative intensities fit this scheme, the Thompson Lake 
sample gives an overall lower intensity pattern than the Unst sample, 
when (006) is set at 100. This difference may be more apparent than real, 
and can represent differences in sample handling, equipment and degree 
of preferred orientation in the powder. 


CONCLUSIONS 


The formation of 6-layer serpentine is apparently not a function of 
trivalent substitution alone. However, compositional data are somewhat 
scanty at present. It is suggested that the division between fibrous and 
platy serpentines may lie around 0.69, R2O, (in the analysis) rather 
than around 4.5°% as suggested by Gillery (1959). The ‘tmineraloid,”’ 
serpophite may be 6-layer serpentine, at least in part. 

The writer wishes to acknowledge the assistance and comments he 
received from Dr. J. R. Goldsmith, Mr. D. Northrup, Dr. G. W. Brind- 
ley, and Dr. H. B. Wiik. 
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THE GROWTH AND PROPERTIES OF COLORED QUARTZ 


A. A. BALLMAN, Bell Telephone Laboratories, Incorporated, 
Murray Hill, New Jersey. 


Hydrothermal crystal growth refers to the use of aqueous solvents at 
high temperatures and high pressures to affect the solution and re- 
crystallization of a material which is relatively insoluble at ordinary con- 
ditions. The use of this technique as a means of obtaining large crystals 
of relatively pure materials is perhaps best demonstrated by its success- 
ful application in the laboratory and commercial production of quartz. 
(Walker and Buehler, 1950, Hale, 1950, Laudise and Sullivan, 1959, 
Sawyer, 1959). The fact that one can grow colorless quartz of high purity 
in steel vessels in a system norinally considered quite corrosive is rather 
surprising. Most procedures for the synthesis of quartz employ a sodium 
hydroxide or a sodium carbonate solution as the solvent. Fortunately, 
under the conditions of growth the attack of the alkali on the steel 
vessel results in the formation of acmite (Walker and Ballman, 1954), an 
insoluble sodium iron sili« ate, which coats the interior of the vessel and 
limits further corrosion. The formation of acmite and the protection its 
coating affords is perhaps the principal reason why electronic grade 
quartz can be grown on a laboratory or production basis without resort- 
ing to the use of inner liners of noble metals. 

Considering the number of elements present in the composition of most 
steels, and the fact that the formation of acmite explains why only iron 
does not contaminate the grown quartz, it seems clear that other ions 
although present in solution do not necessarily enter the quartz struc- 
ture. In view of this and the interest in the effect of impurities on the 
electrical properties of quartz a program was undertaken to purposely 
introduce ions in the quartz structure. The effect of such ions on visible 
color might also offer a possible explanation of the mechanism of colora- 
tion as seen in some naturally occurring quartz species such as citrine 
or rose quartz. 


EXPERIMENTAI 
The crystals obtained in this study were grown in high pressure steel 
autoclaves using a modified Bridgman seal or welded closures. Both these 
designs have been previously described (Walker, 1954, Laudise and 
Sullivan, 1959). Nutrient quartz was placed in the bottom of the vessel 
and a frame holding the seed crystals whose principal surface was 
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(0001) was placed in the upper region. A perforated metal disc was 
placed between the two regions and acted as a baffle to separate the 
dissolving and the crystallizing zones. The action of the baffle promotes 
the growth of crystals of uniform dimensions throughout the entire 
growing region. 

The autoclaves were then filled to the desired fraction of the free 
volume with the solvent, closed, and placed in furnaces in which the 
desired temperature and temperature differential were maintained with 
a Leeds-Northrup Micromax controller. Temperature readings were 
made using chromel-alumel thermocouples strapped to the exterior of 
the vessels and recorded daily for the duration of each experiment which 
lasted about 15 days. 

All experiments were carried out in 1.0 molar potassium carbonate 
solutions at an average temperature of 370° C. and a degree of filling of 
the autoclave of 80 or 85° corresponding to a pressure of about 25,000 
psi (Kennedy, 1950). The doping agent was put in the nutrient zone 
either as the metal or as the oxide. A similar technique for quartz doping 
has been used by other investigators (Stanley and Theokritoff, 1956, 
Augustine, 1957 

At the termination of a run the crystals were removed from the auto- 
clave and their dimensions measured for growth rate calculations. The 
crystals were then sectioned for spectrochemical analysis, optical ab- 
sorption studies and electrical measurements. 


RESULTS AND DISCUSSION 


Previous quartz doping studies by the author (Walker and Baliman, 
1954), and others (Thomas and Brown, 1952,* Tsinober, et al., 1959) had 
shown a slight green coloration in quartz grown from potassium hy- 
droxide solutions and in view of this it was decided to further study the 
use of potassium compounds as solvents. The first such run using potas- 
sium carbonate as the solvent in a steel autoclave produced a dark green 
quartz almost black in appearance. Spectrochemical analyses of this 
material showed iron, 0.05 wt. “7, manganese, 0.01 wt. “7, and beryllium 
0.008 wt. “¢. Both manganese and beryllium are minor constituents of 
the steel composition. Figure 1 shows the crystals produced in this run 
compared to a colorless crystal grown in a steel autoclave in sodium 
hydroxide solution. The crystals were well formed but showed a few areas 
with small fractures which appear to be the result of the inclusion of the 

* In a recent publication a green and brown colored synthetic quartz was produced in 


steel autoclaves with a potassium carbonate solvent. Results similar to ours were obtained 
regarding colors produced, color zoning and optical absorption. 
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foreign ion since crystals grown under similar conditions without the 
additives are quite free of this imperfection. The next run was made in 
an inert system (all silver) in which the iron could be added in con- 
trolled amounts and thus offer a means of doping with particular levels 
of the desired impurity. The results of this run however were rather sur- 
prising in that perfectly colorless quartz was produced containing little 
or no iron (.001°7%), even though iron was available in solution at a 1% 
by weight concentration. It appeared then that in order to include iron 





Fic. 1—Iron, manganese and beryllium doped synthetic quartz vs. colorless synthetic. 


in quartz a carrier ion was needed for charge balance. Beryllium was 
chosen over manganese since its relatively small ionic radius should 
permit it to be included in the quartz structure with the least difficulty. 
A new run was carried out again using metallic iron (1% by wt.) but this 
time with the addition of beryllium (0.002%, by wt.) as the carrier ion 
and like the first run it produced a green colored quartz. The color pro- 
duced however was of lower intensity than the first run and of a slightly 
different hue. Figure 2 shows a crystal produced in this run. 

The color in both sets of crystals is not homogeneous but is composed 
of light and dark bands of green separated by zones of yellow and 
diminishes as the growth progresses. It was apparent from the diminish- 
ing color that the phenomenon responsible for the production of color 
ceased to occur after the early stages of growth. Figures 3 and 4 show 
the banded nature of the colored material. 

Since the color produced in the grown material is composed of both 


green and yellow bands, both ferrous and ferric ions are presumably 
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Fic. 2—Iron and beryllium doped synthetic quartz 


present in the crystal. This is not particularly surprising since recent 
work at the Bell Telephone Laboratories (Laudise, Crocket and Ballman, 
1959) has shown magnetite to be the phase that forms under the re- 
ducing conditions in this hydrothermal system. A plausible mechanism 
then for the coloring effect is that of metallic iron going to ferrous and 
ferric ions in solution and then forming the stable magnetite phase. 

Equation 1 shows this over-all reaction and equations 2, 3, and 4 show 
a possible stepwise formation of ferrous and ferric ions leading to the 
production of magnetite. 


3Fe° + 4H.O 5 Fe,0, + 4He? Eq. 1 
Fe? + 2H.O s Fe(OH). + H 
Fe(OH). s Fe + 2OH Eq. 2 





Fic. 3 (left) —Cross section cut parallel to c axis of iron, manganese and beryllium doped 
sample showing seed area marked by brackets and zonal distribution of color. 
Fic. 4 (right)—Cross section cut parallel to c axis of iron and beryllium doped sample 


showing seed area and zonal distribution of color. 
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Fe(OH), + 2H,0 s Fe(OH;) + He! 
Fe(OH); > Fe***+ + 30H Eq. 3 
Fe(OH): + 2Fe(OH); = Fe;O, + 4H20 Eq. 4. 


Coloration takes place only while there is a high concentration of 
ferrous and ferric ions in solution as the metallic iron is being oxidized. 
Once the metallic iron surface is all converted to magnetite the concen- 
tration of ferrous and ferric ions now in solution in equilibrium with the 
stable magnetite phase is too low for iron to be included in the crystal 
in any quantity and color ceases to be produced. 

A run was made to test this hypothesis and powdered crystalline 
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hic. 5—Absorbance/cm. vs wavelength for synthetic and natural quartz samples 


magnetite (1% by wt.) was used as the source of iron along with beryl- 
lium ions (BeO, 0.02°¢ by wt.) as the carrier. This run produced per- 
fectly colorless quartz and appears to bear out the proposed mechanism. 

Table 1 shows that impurity levels found in the colored samples as 
well as in naturally occurring quartz. The doped samples are in general 
an order of magnitude greater in impurity concentration. 

Figure 6 shows a plot of the optical absorbance/cm. at 0.7 micron 
versus wavelength for the colored samples and a representative natural 
quartz sample. As can be seen there are two areas of high absorption 
one peak occurring about 0.7 micron and another in the ultraviolet 
region of the spectrum. The high absorption in the ultraviolet region is 
characteristic of ferric ions in quartz as well as in other materials. Less 
is known about where ferrous ions in quartz would show an absorption 
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PaBLe 1. ImpuRITY CONCENTRATION (WEIGHT PER CENT) FouNnD 
IN NATURAL AND SYNTHETIC QUARTZ SAMPLES 


Natural Quartz Doped Synthetic 
Impu 
rity ’ ; Citrine Green Yellow 
. Colorless Rose (Pink (Yellow) (Zone) eee’ 
ke <0.001 0.001° 0.026 0.015 
ri 0.005 
Mn 0.016 0.005 
Be 0.001 0.03 0.008 


peak. However, ferrous ion generally shows an absorption peak at about 
0.9-1.0 micron (Holmes and McClure, 1957) and since the conditions 
of the experiment indicate both ferrous and ferric ions to be present the 
consistent peak at 0.7 micron is most likely due to the ferrous ions. 

Figure 7 shows the optical absorbance/cm versus the impurity con- 
centration for areas of different color intensity within the same crystal. 
It is clearly indicated that the absorption at 0.7 micron is proportional 
to both the Be and the Mn concentration but not to the total iron con- 
centration, thus it is apparently only the ferrous portion of the total 
iron concentration which is causing this peak. 





Fic. 6—Absorbance/cm. vs. impurity concentration for doped synthetic quartz 
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It appears that when ferrous iron is included in the quartz it not only 
carries along a beryllium or manganese ion as a charge balancer but 
seems to permit an additional number of these ions proportional to the 
ferrous iron included to enter at the same time. This would explain why 
manganese and beryllium appear to obey the Beer Lambert law as 
shown in the plot. 

It is difficult to explain why such a high concentration of beryllium 
is found in iron doped quartz when runs doped with beryllium alone do 
not include beryllium in amounts greater than about 10 ppm. 


CONCLUSIONS 


The formation of acmite, an insoluble sodium iron silicate, prevents 
the inclusion of iron in quartz crystals grown from sodium hydroxide 
or carbonate solutions. Potassium carbonate solutions do not form an 
analogous compound and can be used when quartz is to be iron doped. 
In other alkali carbonate or hydroxide solutions quartz is either not the 
stable phase under experimental conditions or growth rates are too low 
to be of use. 

In order for ferrous or ferric ions to be included in the quartz structure 
a carrier ion* must be used for charge balance. Manganese and beryllium 
work well with beryllium preferred due to its smaller ionic size which 
permits its inclusion with the least strain. 

The inclusion of iron in quartz appears to be due to a high concentra- 
tion of ferrous and ferric ions put in solution as metallic iron is oxidized 
by the alkaline solution and forms the stable magnetite phase. 

The high optical absorption of the colored material in the ultraviolet 
region of the spectrum is characteristic of ferric ion compounds, and the 
peak at about 0.7 micron is most likely due to ferrous ion. 

The presence of both green and yellow bands in the grown quartz 
further indicates the presence of both ferrous and ferric ions within the 
same crystal, the green and yellow being characteristic of ferrous and 
ferric ions respectively. 

ACKNOWLEDGMENT 


Thanks are due to R. A. Laudise whose discussion and suggestions 
were most helpful in carrying out the work and to D. L. Wood for dis- 
cussions and interpretations of absorption data during the study. 


REFERENCES 
\uGusTINE, F. (1957), Improving the Quality of Synthetic Quartz: Proc. 11th Ann. PF. eq 


Control Sym., U.S. Army $.C.E.L 


* A carrier ion is any ion other than the substituting ion which must also be included 
presumably interstitially) to balance charges 











446 NOTES AND NEWS 


Brown, E. S., THomas, L. A. (1952) Response of Synthetic Quartz to Y-ray Irradiation: 
Nature, 169, 35 

Hate, D. R. (1950), Ceramic A ge, 56, 22 

Hotmes, O. G., McCiure, D. S. (1957) Optical Spectra of Hydrated ions of the Transition 
Metals, J. Chem. Phys., 6, 1686-1694. 

KENNEDY, G. C. (1950) Pressure, volume, temperature relations in water at elevated tem- 
peratures and pressures: Amer. J. Sci., 248, 540. 

LaupisE, R. A., CrocKet, J., BALLMAN, A. A. (1959), The hydrothermal crystallization of 
yttrium iron garnet and yttrium gallum garnet and a part of the crystallization dia 
gram Y2O 3-FesO;-H2O-Na2CO;: J. Phys. Chem. 65, 359, 1961 

LaupisE, R. A., SULLIVAN, R. A. (1959), Pilot plant production of synthetic quartz: Chem. 
Eng. Prog., 55, 5. 

Sawyer, C. B. (1959), Progress in engineering cultured quartz for use by the crystal in 
dustry: Proc. 13th Ann. Freq. Control. Sym., U.S. Army S.C.E.L 

STANLEY, J. M., THeoKRiTOFF, S. (1956), Incorporation of impurities in synthetic quartz 
crystals: Am. Mineral., 41, 527. 

rstnoser, L. I., CHENtsova, L. G., SHTERNBERG, A. A. (1959), The green and brown col 
ors of synthetic quartz crystals: Growth of Crystals, Edited by A. V. Shubnikov and 
N. N. Sheftal, Vol. 2, Translated by Consultants Bureau Inc., New York, N. Y. p 
45 of translation 

Wa ker, A. C. (1954), Hydrothermal Growth of Quartz Crystals: Ind. Eng. Chem. 1670. 

WaLker, A. C., BALLMAN, A. A. (1954), Synthesis of quartz crystal: /s¢ Interim Report, 
U.S. Army S.C.E.L. No. DA-36-039-SC-64493, Bell Telephone Laboratories 

WaLkeER, A. C., BuEHLER, E. (1950), Growing large quartz crystals: Jnd. Eng. Chem. 42, 
1369 


rFHE AMERICAN MINERALOGIST, VOL. 46, MARCH-APRIL, 1961 


COMMENT ON “GROWTH AND PROPERTIES OF COLORED QUARTZ” 


Rustum Roy, Department of Geophysics and Geochemistry, 
The Pennsylvania State University. 


The interesting results of Ballman (preceding article) on the differences 
in concentration of various ions in the different crystallographic zones 
suggest the following explanations which supplement or modify the 
author’s conclusions. 

(1) Keith and Tuttle (Am. J. Sci., Bowen Volume, 1952, p. 203) 
found a similar zoning of alternate ‘‘segments” of different color in 
natural quartz (after irradiation). It is interesting to note that such 
crystals as well as those grown by Ballman provide examples of the 
chemical inhomogeneity of a “single phase’? which still qualifies as a 
phase in the context of the Phase Rule. 

(2) Ballman suggests that a “carrier ion must be used for charge 
balance” in order for ferrous or ferric ion to be included in the quartz 
structure. Since their valence is also lower than Si**, it is obvious that 


the elements suggested (Be**+, Mn**) cannot form half-breed derivatives 
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such as (for example) P®* serving as a ‘carrier’ for Al*+ and together 
proxying for 2Si*t. It may be implied that Be** could accept interstitial 
sites, which is feasible, but it would be much less likely that Mn** 
would do so. 

Energetically, what appears to be most likely is that a stuffed deriva- 
tive is formed rather than adding ions in interstitial sites. Thus, Bet" 
replaces Sit’ with Mn?+, Fe?+ and Fe* being added in the stuffing site 
to balance the loss of charge. 

Alternatively, Fe**, Be®* for Si*t with Mn**, Fe?* (and remaining 
Fe** if any) in the stuffing site. 

If Fe** were in lattice sites rather than Fe** it would require that 
twice as many total charges be realized by the stuffing ions. In fact, the 
analysis of Fig. 5 cannot be quantitatively explained on the basis of 
any of these schemes, since the atomic concentration of Be is too high 
to be compensated for by putting all the iron and manganese in the 
stuffing site. If this amount of Be** is actually incorporated, almost cer- 
tainly one should detect by infra-red-spectroscopy appreciable (OH) 
proxying for O° 

The absorption due to Fe**, Fe?* or Mn** in the stuffing site will, of 
course, not be the same as the absorption in other commoner crystal 
fields and hence one cannot extrapolate from the color of known com- 
pounds to the ‘color’ of an ion in an interstitial or stuffing site. 
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THERMOLUMINESCENCE MEASUREMENTS WITH RAPID HEATING 


N. M. Jounson, W. F. AMMENTORP AND FARRINGTON DANIELS, 
Depariment of Chemistry, University of Wisconsin. 


Recent papers in the American Mineralogist have described refined 
thermoluminescence measuring apparatus for minerals (Ashby and 
Kellagher, 1958; Lewis, ef a/., 1959). The heating rate used for these is 
about 2° C. per second or less. Slow heating rates were first used in this 
laboratory (Saunders, 1953), but a fast heating instrument has been 
found to be more sensitive to low levels of thermoluminescence and in- 
creases the number of determinations which can be made per hour. A 
consequence of the fast-heat feature, however, is a décrease in tempera- 
ture control and precision. Houtermans, ef al. (1957) has also described 
a fast heating thermoluminescence instrument and discusses its relative 
advantages. 


The apparatus described here normally employs a heating rate of 20 
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to 30° C. per second, but if required, heating rates of 90° C. per second 
may be attained. Although the total number of thermoluminescence 
photons is independent of the rate of heating, a fast heating rate re- 
leases more photons per second, thus leading to a more easily detected, 
intense light. The time of heating is only a few seconds and the whole 
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Fic. 1. Fast-heat thermoluminescence measuring device. 


operation can be completed in about 5 minutes per sample, including 
grinding, loading, heating and cooling. 

The apparatus is shown in Fig. 1 (Ammentorp, 1957). The heater is 
a strip of nichrome ribbon 14 inches long, 1} inches wide and 0.027 inch 
thick, mounted with spring tension on a transite base. Above it is a 
vertical light pipe of quartz provided with a shutter. A photomultiplier 
tube (1P21) receives thermoluminescent light emitted by heated crys- 
tals and the current is amplified with a circuit designed by Professor 
Robert J. Parent and built by Mr. Donald M. Pryor in this laboratory 
(Fig. 2). 

The photoelectric current is recorded on a rapid recorder, Sanborn 
Model 127, equipped with a built-in D.C. amplifier Model 126B. Paper 
speed is 25 mm. per second and the light intensity curve is traced by a 
heated stylus on color-changing paper. The light intensity-temperature 


(time) graph is the ‘‘glow curve.”’ 
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Fic. 2. Photomultiplier and amplifier. 

The nichrome heater is supplied power through a 1.5 kilowatt step 
down transformer and the heating rate is controlled with a Variac. 
Temperatures from the start of heating are determined by using heat- 
sensitive crayons. A curve of temperature is then plotted against time 
for each heater power setting. The calibration curves are near linear. 
After red heat has been reached, power is cut off and the nichrome heat- 
ing ribbon is quickly cooled by an air blast or with dry ice, ready for the 
next sample. 

Sensitivity to thermoluminescence may also be controlled by the area 
and volume of sample exposed to the photomultiplier tube. A simple con- 
trol technique is to pack a powered sample (100-200 Tyler) into shallow 
ring molds. Compaction of the powder against the sides of the ring 
holds the sample in place and permits transportation of the sample for 
weighing and loading onto the furnace. The molds make uniform sample 
discs with one side in intimate contact with heating elements and the 
other side exposed to the photomultiplier. Sample volume, geometry and 
heating environment may be varied according to the dimensions of the 
ring mold. 

By adjusting sample size and/or regulating the heating rate a wide 
range of thermoluminescent intensities may be measured and recorded. 
The effect of faster heating on improving instrumental sensitivity is 
shown in Fig. 3. 
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Fic. 3. Resolution of low level thermoluminescence in NaCl by fast heating. 
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ADSORPTION OF ETHYLENE GLYCOL AND GLYCEROL 
BY MONTMORILLONITE* 
Clay-Organic Studies, Part Vt 
REINHARD W. HOFFMANN AND G. W. BRINDLEY, Department of 
Ceramic Technology, The Pennsylvania State University, 
University Park, Pennsylvania. 
The swelling of montmorillonite immersed in ethylene glycol or in 
glycerol has been used for many years to identify montmorillonite in 


* Contribution No. 60-32 from the College of Mineral Industries, The Pennsylvania 


State University, University Park, Pennsylvania. 
+ Part IV. See Hoffmann and Brindley (1961). 
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mixtures of clay minerals. It is sometimes believed that montmorillo- 
nite has an ‘affinity’ for these compounds such that they are strongly 
absorbed from aqueous solutions. The present note describes measure- 
ments which show that they are not preferentially absorbed from aqueous 
solutions to any appreciable extent. 

In previous work (Brindley and Rustom, 1958, and more particularly, 
Hoffmann and Brindley, 1960) isotherms for the adsorption of a variety 
of non-ionic organic compounds of Ca-montmorillonite from aqueous 
solutions have been determined to study the features of the organic 
molecule which affect the adsorption. Two factors were found to affect 
the adsorption equilibria in solution: chain-length and CH-activity. For 
molecules with small CH-activity, a minimum chain-length of about 6 
carbon atoms is required for preferential adsorption and on this basis 
neither ethylene glycol nor glycerol would be expected to show preferential 
adsorption. 

Experiments have been made to determine the adsorption isotherms 
of ethylene glycol and glycerol on Mg-montmorillonite from aqueous 
solutions. The Mg-saturated clay was used because it was immediately 
available and other studies (Brindley, Hoffmann and Bender, 1960) had 
shown that for several substances the exchangeable inorganic cation has 
no significant influence on the organic adsorption, at least for the ions 
Nat, Ca**, and Mg?**. 

Suspensions containing 15 mg. clay per ml. and ethylene glycol or 
glycerol in concentrations varying from 2.5X10-? to 50X10-? molar 
were equilibrated for 20 hr. After centrifuging for 2 hr., the organic con- 
tent of the supernatant liquid was determined by dichromate oxidation. 
For neither compound could any depletion in concentration be detected 
except for small variations within the accuracy of the analytical determi- 
nations (+1°)). Therefore these compounds do not show any preferen- 
tial adsorption from aqueous solutions on montmorillonite. 

Part of the clay paste remaining in the centrifuge tubes was taken 
with a minimum of adherent liquid and allowed to dry on glass slides. 
The clay-organic films were then examined in a stream of dry air by 
x-ray diffraction using a Phillips Norelco diffractometer with filtered 
CuKae radiation. The results showed that complexes were formed con- 
taining one layer of water, one layer of organic material, two layers of 
organic material, or mixtures thereof according to the organic concen- 
traiion of the adherent solution in the initial clay paste. 

The spacings for the one- and two-layer organic complexes are 13.9» 
+0.1 A and 16.8;+0.1 A for ethylene glycol, 13.9;+0.1 A and 17.7; 
+0.1 A for glycerol respectively, and 11.9,+0.0; A for a single water 
layer. 








452 NOTES AND NEWS 


It has been pointed out already (Hoffmann and Brindley, 1960) that 
the type of complex formed after drying a clay-water-organic mixture 
does not depend so much on the adsorption equilibria existing in aqueous 
solution as on the relation of the volatility of the organic compound to 
that of water. Among the substances investigated, two extremes have 
been found: 

(i) Substances with high volatility may be adsorbed strongly from 
aqueous solutions under equilibrium conditions, but may not form com- 
plexes on drying as both the water and the organic substance evaporate. 

(ii) Substances with low volatility which show little or no adsorption 
from aqueous solution, may still form complexes on drying because the 
water evaporates leaving the clay and organic material behind. 

The second mechanism has already been proposed by Bradley (1945) 
who suggested that ethylene glycol may form complexes with mont- 
morillonite by replacement of the adsorbed water due to their difference 
in volatility. This is now confirmed experimentally. Ethylene glycol and 
glycerol belong to the second group since they show no preferential ad- 
sorption from aqueous solution under equilibrium conditions but form 
complexes after drying due to their low volatility compared with that of 
water. 

Grateful acknowledgement is made to the donors of the Petroleum 
Research Fund, administered by the American Chemical Society, for 
support of this reasearch. 
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LATTICE CONSTANTS OF THE CALCIUM-MAGNESIUM CARBONATES 
Juuian R. Gotpsmitu,* Donatp L. Grar,t AnD HuGu C. HeEarpt 


In an earlier publication (Goldsmith and Graf, 1958) lattice constants 
of several dolomites and of synthetic magnesian calcites containing up 
to about 20 mol per cent MgCOs; were presented. Since these data ap- 
peared, the system CaCO;-MgCQO; has been investigated at higher tem- 
peratures and CO, pressures, and single phase solid solutions were success- 
fully prepared over the whole range from CaCQ ; to CaMg(CQs)2 (Gold- 
smith and Heard, 1961). The present paper is based upon measure- 
ments made on some of the latter samples. The experimental conditions 
under which these samples were prepared are given in Table 1. 

Powder x-ray diffraction patterns were taken of these samples using 


TABLE 1. EXPERIMENTAL CONDITIONS UNDER WHICH THE SYNTHETIC CALCIUM MAG 
NESIUM CARBONATES DIsCUSSED IN THIS PAPER WERE PREPARED 


lhe samples were contained in sealed Pt capsules in an internally heated gas system, 


described elsewhere (Goldsmith and Heard, 1961 


Sample Mol Per Cent Temp C) CO, Pressure lime 
Number MgCO Kb minutes 
C-213 10 945— 950 5.0 45 
C-291 10 684— 686 2.0 180 
C-214 20 945— 950 5.0 45 
C-226 20 884— 892 4.0 90 
C-217 30 978— 981 5.0 40 
C-207 40 1074-1075 8.5 30 
C-203 40 1140-1150 10.0 30 
C-193 $2.5 1144-1150 10.0 30 
C-194 45 1144-1150 10.0 30 
C-9] 45 1093-1101 8.0 12 
C-182 47.5 1146-1151 10.0 25 
C-102 50 1150-1155 10.0 5 
C-114 50 900— 901 5.0 60 

* 


Department of Geology, University of Chicago 
t Illinois State Geological Survey, Urbana 


t Institute of Geophysics, University of California, Los Angeles. 
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CoKa radiation, and ap and cy were obtained from cos* @ extrapolations 
of the appropriate back-reflections. These data are plotted in Figs. 1 and 
2. The scatter of the plotted points is partly attributable to two prin- 
cipal factors. Small amounts of a secondary phase, presumably produced 
by incomplete reaction or exsolution during quenching were noted in 
several runs, particularly in the composition range Ca7oMg3o to CassM gis. 


Fic. 1. The change in ao with composition for CaCO;-rich phases in the system CaCO 
MgCO;. Open circles represent new measurements on disordered solid solutions; triangles, 
new measurements on phases with (cation-ordered) dolomite-type structures. Vertical] bars 
are schematic representations of groups of closely similar measurements, published pre 
viously (Goldsmith and Graf, 1958). 


Although runs obviously imperfect in this regard were discarded, lesser 
inhomogeneities may exist in some of the other samples. Secondly, some 
of the x-ray patterns have back-reflections that, although measurable, 
are not as sharp as would be desired for maximum accuracy. 

The data of Goldsmith and Graf (1958) are also plotted in Figs. 1 and 
2. There is a significant dis¢ repancy between the two sets of data for 
the calcites containing up to 20 mol per cent MgCOs. As a further check, 
Miss Juanita Witters of the Illinois Geological Survey has redetermined 
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Fic. 2. The change in co with composition for CaCQ;-rich phases in the system 
CaCO;-MgCO;. The symbols used have the same meaning as in Fig. 1 


the compositions of the approximately 20 mol per cent MgCQOs; mixture 
used by Goldsmith and Graf (1958) and of the 20 mol per cent MgCO; 
mixture used by Goldsmith and Heard. Her results, given in Table 2, 
are within 1.0 mol per cent of the composition (by synthesis) of the 
Goldsmith-Heard magnesite-calcite mixture, and indicate a probable 
difference in composition between the mixtures of 0.4 mol per cent. A 
difference of three mol per cent would be required to explain the dis- 
crepancy in Figs. 1 and 2. We can offer no explanation, but prefer the 


ABLE 2. EmMissiION SPECTROGRAPHIC ANALYSES OF THE TWo SYNTHETIC 
Mixtures UsED IN PREPARING CaCO; SoLip SOLUTIONS CONTAIN 
ING APPROXIMATELY 20 Mot. PER Cent MgCO 
rhe calibration curves were adjusted for each plate, using standards run on that plate 
Juanita Witters, analyst 


Goldsmith and Graf Goldsmith and Heard 

1958 Phis paper 
MgCO CaCO MgCO CaCO 
First Trial 17.7 82.3 18.1 81.9 
Second Trial 18.0 82.0 18.0 82.0 
Third Trial 18.0 82.0 18.7 81.3 
Average (Wt. Per Cent 17.9 82.1 18.3 81.7 


Mol Per Cent 20.6 79.4 21.0 79.0 
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PABLE 3. CELL CONSTANTS FOR SOME SYNTHETIC AND NATURAL 
CatctumM CARBONATE SOLID SOLUTIONS (SEE ALSO TABLE 1) 


Ihe cell constants used for the ordered Gabbs and Serra das Eguas dolomites in the 
Guinier Ado and Acy determinations are those published by Goldsmith and Graf (1958); 
for the Lee, Massachusetts, dolomite, the mean of the published values, a9=4.8079 A, 
co= 16.010 A, was assumed; for the synthetic mixture of equimolar amounts of CaCO; and 
MgCOs, the ap and cy values given below for C-114 were used. The values given in this 
table are the most probable ones based upon cos? @ extrapolations; the final figure is ob 


viously not significant for some samples, but it is difficult to assign probable uncertainties. 


Material dyin A coin A 


\. Cation disordered or largely so 


C-213, CaCO, containing 10 mol per cent MgCO 4.9494 16.876 
C-291, CaCO; containing 10 mol per cent MgCO 4.9473 16.863 
C-214, CaCO, containing 20 mol per cent MgeCO 4.9128 16.699 
C-226, CaCO; containing 20 mol per cent MeCoO 4.9115 16.698 
C-217, CaCO, containing 30 mol per cent MgCO 4.87060 16.514 
C-207, CaCO; containing 40 mol per cent MgCO 4.8410 16.291 
C-203, CaCO; containing 40 mol per cent MgCO 4.8428 16.274 
C-193, CaCO, containing 42.5 mol per cent MgCO 4.8328 16.235 
C-194, CaCO; containing 45 mol per cent MgCO 4.8255 16.178 
C-91, CaCO, containing 45 mol per cent MgCO 4.8233 16.156 
C-182, CaCO, containing 47.5 mol per cent MgCO 4.8152 16.111 
C-102, CaCO, containing 50 mol per cent MgCO 4.8050 16.061 
B. Cation ordered 
C-114, Dolomite containing 50 mol per cent MgCO 4.8067 16.025 


C. Dolomite cell-size changes on cation disordering 


Ady in A Aco in A 
Synthetic mixture (C-102, C-114), 900° vs. 1155° C 

Straumanis-mount powder x-ray films 0.0017 + 0.036 
Adjacent strips on film taken with Guinier-type camera 0.0026 + 0.016 
Dolomite, Lee, Mass., Unheated vs. 1155° C. (Guinier 0.0033 + 0.037 

Dolomite, Serra das Eguas, Brazil, Unheated vs. 1152° C 
Guinier 0.0048 + 0.033 
Dolomite, Gabbs, Nevada, Unheated vs. 1155° C. (Guinier 0.0033 + 0.030 


latest set of measurements because the initial starting materials were 
anhydrous end members and because of the concordance between results 
for the magnesian calcites and synthetic and natural dolomites. The pre- 
vious magnesian calcite values were available only to 20 mol per cent 
MgCOs and had to be extrapolated to the dolomite composition. They 
led to the improbable conclusion that ordered material of dolomite 
composition had a larger unit cell volume than its disordered counter- 
part. 
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The new data give, for the first time, direct information on the change 
in cell size accompanying cation disorder in dolomite, which is sum- 
marized in Table 3 together with cell constants for the synthetic dis- 
ordered solid solutions and for several natural dolomites. Disordering 
of dolomite results in a very slight decrease in dy and a somewhat greater 
increase in ¢o. Considering all of the data of Table 3, Aagp= —0.003 A, 
Aco=+0.03,; A, and AV=+0.3 A® or +0.09% of the dolomite cell 
volume. A material of dolomite composition with complete cation dis- 
order has not thus far been obtained; the materials here described are 
substantially but not completely disordered (Goldsmith and Heard, 
1961). The comparable values for fully disordered cadmium magnesium 
carbonate, CdMg(COs3)2 (Goldsmith, 1958, and in preparation) are 
Ady = — 0.0024 A, Aco= +0.037 A, and AV=-+0.42 A® or +0.14% of the 
CdMg(CQs3)> cell volume. 

Goldsmith and Heard (1961) show that the maximum amount of 
excess CaCO; that can be contained in the (ordered) dolomite structure 
at high temperatures is approximately 7 mol per cent. Thus the compo- 
sition versus cell edge curves shown for ordered materials in the dolo- 
mite region in Figs. 1 and 2 must merge with the curves for disordered 
materials at the approximate molar composition Cas7Mgy,;, and the zone 
between such curves corresponds to a region of intermediate cation 
order. The measurable effect is, of course, quite small, and the available 
data do not justify drafting the bifurcation in Figs. 1 and 2. 
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Dr. Esper S. Larsen, Jr. died in Washington, D. C., on March 8, 1961, at the age of 82 
Dr. Larsen was a member of the faculty at Harvard for many years. He was President of 
the Mineralogical Society of America in 1928, and received the Roebling Medal in 1941. A 
memorial will appear in a later issue. 
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BORNITE FROM CHESHIRE 


Dr. R. A. Howie of the University, Manchester, England, writes the following com 
ments. 

In the “Second find of euhedral bornite crystals on barite.”’ 

Living as I do in Cheshire, England, I was interested in the article “Second find of 
euhedral bornite crystals on barite’”’ (Am. Mineral. 45, 1062, 1960), which states that such 
an association had been previously reported from the ‘‘Cheshire locality in England.” 
Barite is in fact known from Alderley Edge, where there is considerable copper mineraliza 
tion, but there is no record of bornite in association with barite. However, Dana—System of 
Mineralogy, 6th edition, page 78, states that “‘bornite occurs at the copper mine in Bristol, 
Conn., abundant, and often in fine crystals. At Cheshire sparingly in cubes, with barite, 
malachite and chalcocite.’”’ It therefore seems evident that the Cheshire locality which 
Kullerud, Donnay and Donnay refer to is Cheshire, Connecticut. 


GELATIN Mounts FOR MINERAL GRAINS 


In the Sept.—-Oct. 1960 issue of the American Mineralogist, Olcott described a method for 
mounting mineral grains which was a modification of the procedure of Marshall and Jef 
fries (Soil Sci. Soc. Amer. Proc., 10, 397-405). Dr. Jeffries writes that carbonates are decom 
posed by the formalin in the original solution B, and very satisfactory results are obtained 
when the formalin is omitted 


1960 PEACOCK MEMORIAL PRIZE 


he Walker Mineralogical Club announces that it has awarded its Peacock Memorial 
Prize (1960) of two hundred dollars ‘‘for the best scientific paper on pure or applied min 
eralogy, including crystallography, mineralogy, petrology, ore genesis, and geochemistry,” 
submitted by a graduate student, to Dr. Joseph E. Patchett. 

Dr. Patchett’s paper was entitled, ““A Study of the Radioactive Minerals of the 
Uraniferous Conglomerate, Blind River Area.’’ He did his work under Professor E. W. 
Nuffield and Professor W. W. Moorhouse at the University of Toronto (Toronto, Ontario, 
Canada). Dr. Patchett, a native of Middletown, New York, received his B.S. from Rutgers 
University, New Brunswick, New Jersey in 1952. He received his M.A. in 1954 from the 
University of Toronto and, following two years of service in the U. S. Army, he returned 
to Toronto to resume his studies. He received his Ph.D. in 1960. He is presently employed 
as a crystallographer with the Research Department of the Norton Company, Chippawa, 
Ontario 

Ihe Walker Mineralogical Club announces also at this time that it is offering the 
Peacock Memorial Prize again in 1961. A copy of the announcement follows 


1961 PEACOCK MEMORIAL PRIZE 
IT'wo HunpRED DoLLars—$200.00 


For the best scientific paper on pure or applied mineralogy, including crystallography, 
mineralogy, petrology, ore genesis and geochemistry. 


Conditions 


1. The author of the paper shall be any graduate student enrolled in a Canadian uni 
versity, a Canadian graduate student enrolled in any university, or any graduate student 
on a Canadian subject. 

2. The paper, written in French or English, will be accepted for competition up to two 
years after completion of the work, even though the author may be enrolled no longer as 
a graduate student 


Eee 
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3. The paper may be in the form of: 
(a) a thesis, 
(b) a paper ready for publication, 


(c) a printed publication 


4. The paper may offer new or refined observations; or a significant synthesis and in 
terpretation of existing data; or some new or improved application of mineralogy to useful 
ends; or the results of other work of sufficient interest and value. 

5. Each paper must be accompanied by a letter from the candidate's supervisor stating 
the nature and extent of the assistance he may have given to the work submitted 

6. The paper is to be addressed to—The Secretary, Walker Mineralogical Club, 
100 Queen’s Park, Toronto 5, Ontario. 

7. CLOSING DATE OF THIS COMPETITION—December 31, 1961 

If no paper of sufficient merit is received, the prize will not be given. All papers sub 
mitted will be returned to their authors as soon as the judging is completed. Announcement 


of the award will be made in the appropriate publications 


Back IssuEs OF Contributions to Canadian Mineralogy 


The Walker Mineralogical Club now has complete sets of the University of Toronto 
Studies, Geological Series, ‘Contributions to Canadian Mineralogy” (26 issues with in 


dexes) on microfilm, at less than one-third the cost of a set in book form 


AMERICAN CRYSTALLOGRAPHIC ASSOCIATION 


Phe 1961 summer meeting of A.C.A. will be held at the University of Colorado, Boulder, 
Colorado, July 31—August 4. The local chairman is Dr. Walter M. MacIntyre, Chemistry 
Department, University of Colorado; and the program chairman is Dr. G. B. Carpenter, 


Department of Chemistry, Brown University, Providence 12, Rhode Island 


10TH ANNUAL CONFERENCE ON APPLICATIONS OF X-Ray ANALYsIS 


This conference will be held immediately following the A. C. A. Conference, in Boulder, 
Colorado, on 7, 8 and 9 of August, 1961 Note that this is Mon.-Tues.-Wed.) The 
sessions will be held in the new conference room of the Park Lane Hotel, Denver 

For additional information, write W. W. Mueller, Head, Metallurgy Division, Denver 


Research Institute, University of Denver, Denver 10, Colorado 


Erratum 


In the January-February, 1961 issue of the American Mineralogist, the book review 
on page 238 of “ULTRAVIOLET GuIDE TO MINERALS” was credited to the wrong author 
Che author is Mr. Sterling Gleason 
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X-RAY ABSORPTION AND EMISSION IN ANALYTICAL CHEMISTRY. (Spectro- 
chemical Analysis with X-rays), by H. S. Luespaarsky, H. G. Preirrer, E. H. WINs- 
LOE, AND P. D. Zemany, 357 pages, John Wiley and Sons, Inc., New York, 1960, 
$13.50. 


X-ray spectroscopy as a tool for analytical purposes has advanced rapidly in recent 
years. What has been sorely needed to keep pace with this advance has been a good text 
to survey the field and function as a reference source. This book fills these needs in an 
admirable fashion and has already received wide scale approval by workers in the field. 
The authors describe lucidly the history and basic theory, the reliability of the x-ray 
methods, a variety of applications, and all the required equipment, instrumentation, and 
techniques. 

The first part of the book is devoted to the origin and properties of x-rays, the measure- 


ment of x-ray intensity, detectors, and to the important analytical method using x-ray 


absorption. The latter part of the book is concerned with the methods based on x-ray 
emission. An important chapter on reliability of x-ray emission spectrography is included. 

The six appendices consist of tables very useful to the practicing x-ray spectrochemist 
and a bibliography of element determinations. 

Of particular interest to the mineralogist is Chapter 7 which is devoted in part to the 
analysis of minerals. The potential of the technique as well as some specific applications are 
described 

This reviewer feels that this book has great value in any laboratory performing x-ray 
spectrochemical analyses. 

IsIDORE ADLER 
U. S. Geological Survey 
W ashington, D. C. 


METHODS IN GEOCHEMISTRY. Edited by A. A. SMALEs AND L. R. WAGER. Inter- 
science Publishers, New York, 1960. 464 pages. $13.50. 


In this modern day, the geochemist has at his disposal an ever-increasing armament of 
powerful, but complex, instruments and methods for studying earth materials. The litera- 
ture dealing with these new tools is mostly periodical, is widely scattered, and is, in some 
cases, written for audiences other than those interested in earth-sciences. For these reasons 
this work of Smales and Wager is a very timely one, and a very welcome one. 

The book contains ten chapters (plus introduction), written by eleven experts, on 
methods of geochemical analysis (sensu vasto). These are: Collection and Preparation of 
Materials for Analysis; Analysis by Gravimetric and Volumetric Methods, Flame Pho 
tometry, Colorimetry and Related Techniques; Spectrochemical Analysis; Fluorescent 
X-Ray Spectrography; Stable Isotope Geochemistry and Mass Spectrometric Analysis; 
Mass Spectrometric Isotope Dilution Analysis; Radiochemical Methods; Radioactivation 
Analysis; Polarography; Some Modern Chemical Separation Methods. 

The list of methods covered by the book is not an exhaustive one: no mention is made 
of such subjects as powder x-ray diffraction techniques, the electron probe, or geochemical 
and geobotanical prospecting, among others. This is a minor criticism—the authors have 
done an excellent job on a number of the most important methods. The book can be 
recommended both to practitioners of the methods covered, and to geologists who would 
like to know what laboratory techniques can be usefully applied to their problems. 

C. L. Curist 
U. S. Geological Survey 
Washington 25, D. C. 
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METHODS AND TECHNIQUES IN GEOPHYSICS, VOLUME I. Edited by S. K. 
Runcorn, 374 pages, Interscience Publishers, 250 Fifth Avenue, New York, N. Y., 
1960. Price: $10.00. 


The discussions in Volume I of this series treat subjects that are of primary interest to 
investigators dealing with the solid earth. Methods of making measurements are stressed. 
Each section includes a discussion of the particular difficulties that are encountered in 
making measurements and some theory of the instruments employed. Illustrations in the 
form of line drawings and half-tone prints have been included generously. Each author 
had produced a condensation from a diversified bulk of publications. References at the 
end of each chapter will be of great value to anyone wishing to pursue the types of measure- 
ment under discussion. 

Each chapter has been written to stand alone as an introduction to measurements 
in a particular phase of geophysics. This causes a lack of continuity from chapter to 
chapter. The subjects treated, with their respective authors, are: ‘Measurement of 
Temperature Gradient in the Earth,” by E. C. Bullard; ““The Measurement of Heat Flow 
over Land,” by A. D. Misener and A. E. Beck; “Bore-hole Surveying,” by T. Gaskell; 
“Measurement of the Geomagnetic Elements,” by K. Whitham; ‘Measurements in 
Paleomagnetism,” by D. W. Collinson and K. M. Creer; ““The Measurement of Gravity 
at Sea,” by J. C. Harrison; “The Detection of Earth Movements,” by P. L. Willmore; 
“Earth Currents,”’ by G. D. Garland; ‘‘Properties of Rocks under High Pressure and Tem 
perature,” by D. S. Hughes; “Latitude and Longitude, and the Secular Motion of the 
Pole,’ by W. Markowitz. 

Joun DENOYER 
Department of Geology 
The University of Michigan 


CRYSTAL-STRUCTURE ANALYSIS, by Martin J. BuerGer. John Wiley and Sons, 
Inc., New York. xvii plus 668 pages, 329 figs. 1960. Price $18.50. 


This book is a very complete description of the various phases of crystal structure 
determination, as shown by the Chapter headings, as follows: 

Fundamental diffraction relations 

Quantitative aspects of x-ray diffraction 

Outline of a crystal structure analysis 

Selection of material 

Measurement of intensities. Geometrical and Physical factors affecting intensities 

Number and distribution of atoms in the unit cell 

The Structure Factor. Plane projections in structure-factor calculations 

Examples of the determination of some simple structures 

Fourier synthesis, general theory. Useful forms of Fourier synthesis 

Reciprocal Space. Symmetry in reciprocal space 

Applications of symmetry to Fourier summations 

Practical methods of summing Fourier series 

Phase determinations for structures having heavy or replaceable atoms. Phase deter 

minations for certain special cases. Direct determination 
Refinement of structure 
Calculation of interatomic distances and angles. 


There are numerous illustrations and tables, and there is a list of references at the end 
of each chapter. 
The reviewer knows of no other single publication in which such a large amount of 
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pertinent information is available. The author has thus added one more item to the already 


long list of his important contributions to the field of crystal structure determinations. 
Lewis S. RAMSDELL 
Vineralogy Department 
University of Michigan 


ADVANCES IN X-RAY RESEARCH, Vols. 1, 2 and 3. Edited by Wrtt1AM M. MUELLER 
Distributed by Plenum Press, Inc., N. Y. Prices: Vols. 1 and 2, $8.50 domestic, $10.00 


foreign, Vol. 3, $12.00 domestic and foreign 


These three volumes represent the Proceedings of the 6th, 7th and 8th Annual Con 
ferences on Application of X-ray Analysis, sponsored by the Denver Research Institute, 
University of Denver, for the years 1957, 1958 and 1959. The papers presented, with 
illustrations are-included in these volumes as follows: Vol. 1, 32; Vol. 2, 26, and Vol. 3, 2: 


papers 
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TEN MORE YEARS OF NEW MINERAL NAMES 
MICHAEL FLEISCHER 


Ten years ago (Am. Mineral., 36, 630 (1951)), I summarized ten years 
of abstracting new mineral names. The table below is a similar summary 
of the abstracts in Volumes 36 through 45 of the American Mineralogist. 
These are, of course, my opinions of the names proposed, and many of 
them are subject to argument. 

The most obvious points are that new names are being proposed at a 
rate more than double that of the preceding ten years, but that the per- 
centage that seem to be valid (56 per cent) is not much improved over the 
previous decade (47 per cent). More than ever, restraint and care in 
proposing new names is necessary to keep the science from being 
swamped. 


Total Identical Unneces 
new Valid with sary Insufficient Minerals 
names names known names for data discredited 

proposed minerals varieties 
1951 61 15 40 6 0 13 
1952 27 16 8 2 1 12 
1953 18 16 1 1 0 7 
1954 29 22 1 3 3 31 
1955 40 21 4 9 6 7 
1956 38 27 9 2 0 5 
1957 42 23 4 10 5 25 
1958 53 31 6 13 3 15 
1959 54 31 5 7 11 20 
1960 57 32 6 11 8 4 
419 234 84 64 37 139 
1941-1950 164 77 22 33 32 85 











NEW MINERAL NAMES 


Schoderite, Metaschoderite 


D. M. Hausen. Schoderite, a new phosphovanadate mineral from Nevada. Bull. Geol. 
Soc. Am., 71, 1883 (1960) (abstract). 


The mineral occurs as yellowish-orange microcrystalline coatings associated with 
wavellite and vashegyite along fractures in phosphatic chert near Eureka, Nevada. It is 
in microscopic monoclinic, bladed tabular crystals, elongated parallel to (001). Unit cell 
dimensions a 11.4, b 15.8, ¢ 9.2 A., beta 79°. The strongest x-ray lines are 2.79-10, 9.6-10, 
11.1-5, 15.8 A. It is biaxial, positive, alpha 1.542, beta 1.548, gamma 1.566, 2V (calcd) 
60°, y=b. Formula 2A1,0;- P2O;-V20;- 16 H,O. 

At room temperature in a dry atmosphere, the mineral dehydrates to metaschoderite, 
2Al,05: V2O5- P2O;-12H.O. This rehydrates to schoderite on contact with water. Meta- 
schoderite has the same a, c, and beta as schoderite, but b shrinks to 14.9 A. Biaxial, posi- 
tive (given as negative), a 1.598, 8 1.604, y 1.626, 2V 73° (caled.), Z=b. The strongest 
v-ray line are 7.5-10, 14.9-6, 11.1-5, 3.02 A.-3. 

The name is for William P. Schoder, research chemist, Union Carbide Nuclear Co. 

Discussion.—Presumably to be classed with the aluminum vanadates steigerite and 
al’ vanite 

MICHAEL FLEISCHER 
Unnamed Pt and Pd minerals 


I. B. Borovsku, A. N. Deev, AND I. D. Marcuuxkova. Application of the method of local 
-ray spectrographic analysis to the study of minerals of the platinum group. Geol 
Rudnykh Mestorozhdenti 1959, No. 6, 68-73 (in Russian) 


A. D. Genkin. Conditions of occurrence and features of the composition of minerals of 
the platinum group in the Noril’sk deposits. /bid., 74-84 (in Russian). 


Platinum minerals of the Noril’sk deposits were studied optically and analyzed by 
means of an electron probe. The following minerals appear to be new: 

Mineral No. 5.—Analysis gave Pd~70, Pb~30, Ag~1%, corresponding approx 
imately to PdyPb. Occurs in chalcopyrite and cubanite as elongated crystals and fills inter 
stices in sperrylite. Brownish tint. Reflecting power 65%. Weakly anisotropic. Relief 
less than that of platinum and sperrylite, greater than that of cubanite. Blackened by 
aqua regia, not etched by concd. HCl or HNO. 

Mineral No. 8.—Analysis gave Pd58, S~40, approximating PdS:. X-ray diagram 
(not given) stated to be similar to that of braggite (Pt, Pd, Ni)S. Reflecting power low, 
44-45%. Weakly anisotropic, hardness medium, scratched by steel, microhardness 32 
kg/sq.mm. Relief greater than that of chalcopyrite or millerite. Not etched by aqua regia 
or concentrated acids. 

Mineral No. 6.—Analysis gave Pt~36, As~28, Ru~3%; it is not known what ele 
ment is missing, perhaps osmium which could not be determined. In small (0.02-0.05 mm.) 
isometric crystals. Grayish-white, low reflecting power. Hardness and relief highest of all 
Pt minerals. Perhaps an osmian sperrylite? 

Data are also given for two alloys of Pt (Minerals No. 1 and 3) containing Pt 82-86.5, 
Sn~8, Ir~5, Pd~2, Fe 0.5%, and Pt 75-76.4, Fe~10, Ir~6-8, Ni~3-4, Cu and Ag <1%; 
sperrylite (Mineral No. 4) containing Pt 60-63, As 40, Sn 2-4, Rh~1%, stibiopalladinite 
(Mineral No. 7) containing Pd~73, Sb 25%, and a mineral, perhaps near stannopal 
ladinite (Mineral No. 2) containing Pd 28, Pt~50, Sn~30, Ir~2.5%. 

M. F. 
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Niobozirconolite 


L. S. Boropin, A. V. Bykova, T. A. Kaprronova, AND Yu A. PyATENKO. New data on 
zirconolite and its niobian variety. Doklady Akad. Nauk. S.S.S.R. 134, 1188--1191 
(1960) (in Russian). 


Two new analyses are given of zirconolite (AB;O7, nearly CaZrTi.O;, see Am. Mineral. 
42, 581 (1957). One of these, from apatite-magnetite rocks of the Vuorijarvi massif, Kola 
Peninsula, is called niobozirconolite. Analysis by A. V. B. gave Ti0.18.19, Nb.O; 24.84, 
TaxOs 2.00, FeO; 1.11, ZrO. 25.00, U,;Os 0.40, ThO, 2.90, CeO; 4.00, CaO 11.00, FeO 
6.00, MnO 0.38, Na2O 1.40, H.O 2.48, F 0.60, sum 100.30—(O=F:) 0.25=100.05%. This 
corresponds to (Ca, Zr, Fe**)2 (Ti, Nb, Zr)2O; with Ca:Zr about 1:1 and Ti:Nb=6:5. 
G. 4.51. Unit cell of cubic phase (presumably after heating M.F.).=5.03 A. This may 
be intermediate between zirconolite and pyrochlore, Ca Na Nbe (O, F);, but further study 
is required. 

Discussion.—Unnecessary name for niobian zirconolite. 

M. F. 


Lazarevicite 


C. B. SCLAR AND MATIJA DROvVENIK. Lazarevi¢ite, a new cubic copper-arsenic from Bor, 
Jugoslavia. Bull. Geol. Soc. Am., 71, 1970 (1960) (abstract). 


The mineral occurs as microscopic grains in copper ore from the Tilva Mika deposit, 
Bor, eastern Serbia. It is associated with enargite, luzonite, covellite, and pyrite. An elec 
tron-microprobe analysis gave Cu 52.5, As 12.5, Fe 1.9%. This with spectrochemical 
analysis leads to the formula Cus (Aso ¢sCuo.22F €o.13V te.)Sy, ideally CusAsS,. Cubic, space 
group P43m, ao 5.28+0.01 (not stated whether A or kX), Z=1, G. caled. 4.39 

The name is for M. Lazarevié, pioneer investigator of the geology and ore deposits of 
Bor, 1908-1913. 

Discussion.—The name arsenosulvanite (see Am. Mineral., 40, 368-369 (1955)) was 
given to Cus(As, V)S, with As: V=2:1. I would have preferred to see this name extended 
to the As end number, so that the series could be described in terms of two names only 

M. F. 


Paulite, Ellweilerite 


H. W. BiLttemMann. Die Uranmineralien vom Biihlskopf bei Ellweiler, Kreis Birken 

feld/ Nahe. Der Aufschluss, 11, No. 11, 281-283 (1960). 

The U deposit occurs in weathered porphyry. Minerals identified include pitchblende, 
coffinite (?), zeunerite, boltwoodite, curite, and two new minerals. Paulite forms very thin 
tablets, light yellow, transparent, strongly fluorescent under U. V. It is partly intergrown 
with zeunerite. Microchemical tests were obtained for Al, U, and As; it is suggested that 
it is the As-analogue of sabugalite, HAI(UQ~2)2(PO,)-16H.O. Ellweilerite occurs with 
zeunerite and partly intergrown with it. In thin tabular crystals and flaky aggregates, 
light yellow to nearly water-clear. Fluoresces very strongly in short- and long-wave U.V 
Microchemical tests showed Na, U, and As. The d-values (not given) are stated to agree 
well with those of Mrose (Am. Mineral., 38, 1159-1168 (1953) on synthetic Na analogue 
of uranospinite. 

The names are for Hans Paul, Gewerkschaft Brunhilde, and for the locality. 

Discussion.—The name sodium uranospinite has already been given to ellweilerite 

im. Mineral., 43, 383-384 (1958)); the author considers the new name to be justified 
because the previously described material contained some calcium. I do not agree. The 
name paulite has been used for hypersthene (Dana’s System, 6th Ed., p. 348) and is also 
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easily confused with pallite (see Am. Mineral., 45, 256-257 (1960)). But above these 
considerations, names should not be given to minerals with such inadequate descriptions. 
M. F. 
Baotite (= Pao-t’ou-Kuang) 
V. I. Suwonov. Baotite, a mineral with a metasilicate ring (SikOw). Kristallografiya, 5, 
544-546 (1960) (in Russian). 
A preliminary note on this mineral was abstracted in Am. Mineral., 45, 754 (1960). 
In the Russian paper, the name is transliterated baotite. The formula is given as Ba,(Ti, 
Nb) sClOjg(SigOw). 
M. F. 
Garronite 


G. P. L. WALKER. The amygdale minerals in the Tertiary lavas of Ireland. II. Regional 
distribution. Mineralog. Mag. v. 32, 503-527 (1960). 


The information given is, “The list includes a probable new zeolite, related to phillip- 
site, for which the name ‘garronite’ is tentatively suggested.”’ 
Discussion.—Names should not be given without descriptions; the mineral should 
have been referred to as a possibly new zeolite, without a name 
uM. F. 
Loughlinite 
J. J. Faney, Matcoim Ross, anp J. M. AXELROD. Am. Mineral., 45, 270-281 (1960). 
Papagoite 
C.O. Hutton anp A. C. Vuitsipis. Am. Mineral., 45, 599-611 (1900 
Paratellurite 
GEORGE SWITZER AND H. E. Swanson. Am. Mineral., 45, 1272-1274 (1960). 
Paulingite 
W. B. Kamas anp W. C. OKE. Am. Mineral., 45, 79-91 (1960). 
Ranquilite 
M. J. pE ABELEDO, M. R. DE BENYACAR, AND E. E. GALLoni. Am. Mineral., 45, 1078- 
1086 (1960) 
Reedmergnerite 
CHARLES MILTON, E. C. T. CHao, AND J. M. AXELROD. Am. Mineral., 45, 188-199 (1960) 
Weeksite 


W. F. OvurersripGe, M. H. Staatz, R. MeEyrowitz, AND A. M. Pommer. Am. Mineral., 
45, 39-52 (1960) 


NEW DATA 
Teineite 


ANNA ZEMANN AND J. ZEMANN. Zur Kentniss des Teineits: Beitr. Mineral. u. Petrog., 7, 
436-438 (1960). 


Teineite has been considered to be Cuys(SO,4)3(TeO,)10-26H2O or perhaps Cul(Te, 
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$)O,|-2H2O (Dana’s System, 7th Ed., 2, 635-636). Weissenberg study of type mater’al 
shows it to have space group P 2)2,2,; the unit cell has a 6.63, b 9.615, c 7.43; A. These 
are so close to the data for chalcomenite, CuSeO;-2H,O, that it is probable that teineite 
is a tellurite, and not a tellurate. 

The sp. gr. calculated for CuTeO,-2H20 is 4.08, for CuTeO;-2H:20 is 3.85, determined 
3.80. (But if the S shown in the analysis is included, the calculated sp. gr. is far too low; 
a new analysis is needed. M.F.) 

M. F. 
Eskebornite 
GERHARD TISCHENDORF. Uber Eskebornit von Tilkerode im Harz: Neues Jahrb. Mineral., 

Abhandl., 94 (Ramdohr Festband), 1169-1182 (1960). 

The formula of eskebornite has been given as FeSe and Fe;CuSe,. Two analyses of 
synthetic preparations with do 5.53-5.55 A. (for natural material ao 5.53; A.) gave 
Cuo.4sFeo.e:Se and Cuo.ssFeo2Se, and an x-ray fluorescence analysis of another synthetic 
preparation gave Cuo 5;Fee.ssSe. The general formula may be (Cu, Fe); Se. X-ray powder 
data are given 

M. F. 
Koutekite 
ZDENEK JOHAN. Koutekit—CuoeAs, ein neues Mineral. Chem. der Erde, 20, 217-226 (1960). 


A preliminary note was abstracted in Am. Mineral., 43, 794 (1958). New data given: 
luster metallic, streak black. Hardness 444. X-ray powder data are given for the mineral; 
they are identical with those for synthetic CugAs and are clearly different from those of 
8-domeykite. The pattern is indexed on a hexagonal cell with @ 11.51, c 14.54 A. The 
strongest lines are 2.078 (10)(142), 2.024 (10)(126), 1.994 (10)(050), 1.147 (9)(O085), 1.324 
8)(170), 1.197 (8)(266,272), 1.178 (8)(084), 2.446 (7)(@41), 1.374 (7)(261)(443), 3.33 
6)(030), 1.785 (6)(333). A perfect cleavage in one direction was noted in a synthetic 
preparation. Koutekite is replaced by an unknown copper arsenide and by lillingite. 


M. F. 
DISCREDITED MINERALS 
Gajite (= Calcite + Brucite) 
L. J. Baric. Gajit, ein Gemenge von Calcit und Brucit. Neues Jahrb. Mineral., Abhandl., 
94 (Ramdohr Festband), 1200-1202 (1960). 
Gajite, described in 1911 (Dana’s System, 7th Ed., vol. II, p. 264), was found by 
optical and x-ray study to be a mixture of calcite and brucite. 
M. F. 
Deltaite (= Crandallite + Hydroxv!apatite) 
W. T. ELBerty ANp S. S. GREENBERG. Deltaite is crandallite plus hydroxylapatite. Bull. 
Geol. Soc. Am., 71, 1857 (1960) (abstract). 
X-ray study of deltaite (Dana’s System, 7th Ed., p. 837) indicates it to be a mixture. 
M. F 
Delatorreite (= Todorokite) 
C. FRONDEL, U. B. MARVIN AND J. Ito. Am. Mineral., 45, 1167-1173 (1960). 


J. A. Srraczek, ARTHUR HorEN, MALCOLM Ross, AND C. M. WaARSHAW. Am. Mineral., 45, 
1174-1184 (1960). 





NEW MINERAL NAMES 


Lesserite ( = Inderite) 
W. T. SCHALLER AND M. E. Mrose. Am. Mineral., 45, 732-734 (1960 
Pilinite (= Bavenite) 


GEORGE SWITZER AND L. E. REICHEN. Am. Mineral., 45, 757-762 (1960) 


Woodfordite (= Ettringite) 


JosePH MURDOCH AND R. A. CHALMERS. Am. Mineral., 45, 1275-1278 (1960). 








